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Abstrakt

Tato diserta¢ni prace je zalozena na péti origindlnich publikacich [1-5] a shrnuje hlavni
experimentalni vysledky, které vznikly béhem mého doktorského studia.

Prvni realizovany experiment testoval vyuziti elektro-optické doptedné vazby pro zvy-
seni pravdépodobnosti tspéchu linedrné optickych hradel [1]. Experimentalni vysledky
ukazaly, ze dopredna vazba zdvojnasobila pravdépodobnost tspéchu linearné-optického
programovatelného kvantového fazového hradla aniz by ovlivnila kvalitu dosazenych vy-
sledku. Koncept zavedeni podminéné operace pomoci dopredné vazby byl tspésné apli-
kovan i v dalsich realizovanych experimentech.

Néasledujici experimenty se zabyvaly prenosem kvantového stavu a rozliSovacimi stra-
tegiemi. Bylo sestrojeno experimentdlni zafizeni pro bezchybné rozliseni dvou optickych
pamétovych zdznamu reprezentovanych dvéma délici svazku s navzdjem ruznymi odrazi-
vostmi |3]. Realizované zafizeni vyuzivalo nejmensi mozné energie, v prubéhu méfeni byl
pamétfovy zdznam vystaven v pruméru pouze zlomku energie jednoho fotonu. Naslednym
projektem byla experimentalni realizace optiméalniho rozliseni dvou znamych projektivnich
kvantovych méfeni pomoci kvantové provazaného stavu [4]. Vyslednd experimentalni
data jasné demonstrovala vyhodu rozlisSovaci strategie vyuzivajici dvé kvantové provazané
castice v porovnani se strategii vyuzivajici pouze jeden kvantovy bit.

Déle byl realizovan experiment pro pfenos stavu kvantového bitu. Experiment byl
vyuzit k ovéfeni nové navrzené, piimo méritelné miry efektivni nerozliSitelnosti ¢éstic,
ktera urcuje redlnou hranici kvality pfenosu kvantového stavu [2]. Zaroven jsme tuto
miru porovnali s bézné uzivanym prekryvem stavu, i kdyz prekryv stavu lze pouzit
pouze tehdy, jsou-li tyto ¢astice ve faktorizovaném stavu. Vysledky experimentu potvrdily,
Ze Céastice mohou slouzit pro pienos kvantové informace, i kdyz jsou jejich dalsi stupné
volnosti provazané. Poslednim realizovanym experimentem byl pfenos neznamého kvan-
tového stavu mezi dvéma vzajemné slabé interagujicimi ¢asticemi [5]. Pfenosu kvantového
stavu bylo dosazeno vhodnym métfenim fotonu, ktery nesl neznamy kvantovy stav, v kom-
binaci s aplikaci filtrace na stav cilového fotonu. Optimélni filtrace zavisi na vzajemné
interakci ¢astic, na vysledku méreni a na puvodnim stavu ¢astice, na niz je neznamy stav
prenasen.

Vysledky téchto experimentu prispély k rozvoji zakladniho vyzkumu v oblasti experi-
mentalni linedrni kvantové optiky a kvantového zpracovani informace.

Klicova slova

Experimentélni kvantova optika, linearni optika, vlaknova optika, kvantové zpracovani
informace, elektro-opticka dopiredna vazba, integrovany elektro-opticky fazovy modulator,
fotony, Machtv-Zehnderuv interferometr, sekvencni aktivni fazova stabilizace.



Abstract

This Thesis is based on five original publications [1-5] and concludes my main experimen-
tal results reached during the years of my Ph.D. studies.

Firstly, we experimentally verify the possibility of increasing success probability of lin-
ear optical quantum gates utilizing an electro-optical feed-forward loop [1]. We find out
that the loop doubles the success probability of linear-optical programmable quantum
phase gate. Moreover, any gate parameters like a fidelity, purity etc. are not influenced.
The concept of a conditionally applied operation via the feed-forward loop is successfully
implemented into other experiments.

Further publications deal with quantum state transfer and discrimination tasks. We ex-
perimentally implement a device for perfect discrimination of two optical memory records
which are represented by two beam splitters with different splitting ratios [3]. For dis-
crimination, this device utilizes in average less than fraction of a single photon energy.
Further, we experimentally implement the device for optimal discrimination of two known
projective single-qubit quantum measurements [4]. The experimental results clearly con-
firm the advantage of the proposed more demanding entanglement-assisted discrimination
scheme compared to a single-qubit probe scheme.

A quantum state transfer is experimentally realized to examine particle properties.
A new measure of particles’ effective indistinguishability directly determines the fidelity
of the transferred state [2]. We compare it with commonly used overlap of quantum states
of particles, which is defined only for factorable states. The experimental results confirm
that even if some noninformational degrees of freedom of two particles are entangled,
the particles can still serve as good carriers of qubits. Finally, we experimentally realize
a faithful unidirectional qubit state transfer between two weakly interacting photonic
qubits [5]. The qubit state transfer is achieved by a combination of a suitable measurement
on the unknown qubit and a quantum filtering on the target qubit. The filtering depends
on the initial target-qubit state and on the outcome of the measurement applied on the
unknown qubit.

The results of these proof-of-principle experiments support scientific research in the
area of experimental linear-optical quantum information processing and quantum optics.

Key words

Quantum optics experiments, linear optics, fibre optics, quantum information processing,
electro-optical feed-forward loop, integrated electro-optical phase modulator, photons,
Mach-Zehnder interferometer, sequential active phase stabilization.
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List of Abbreviations

ADC
APD
BD
BNC
BS
C’L,j
CW
D, D;, DI, Det
DAC
DC

n

F

FBS
FC
FC/PC
FWHM
HOM
HWP
M
MZI
N, N,
NIM

PBS
PC
PM
PMF
POVM
PPBS
QWP
SMF
SNR
SPAD
SPCM
SPDC
TTL

VRC

Analogue to Digital Converter

Avalanche Photo Diode

Beam Displacer

Bayonet Neill-Concelman, radio-frequency connector for coaxial cables
Beam Splitter

Coincidence rate between two detectors no. ¢,

Continuous Wave

Detector no. 7, 1

Digital to Analogue Converter

Direct Current

efficiency, transparency

Flip

Fibre Beam Splitter, Fibre Coupler

Fibre Coupler (the same as FBS), or Fibre Connector

Fibre Connector / Physical Contact

Full Width at Half Maximum

Hong-Ou-Mandel

Half-Wave Plate

Mirror

Mach-Zehnder Interferometer

usually denotes count rate of detector no. ¢

specifications of electronics modules Nuclear Instrumentation Module,
negative electric pulse

Polarizing Beam Splitter

Polarization Controller

integrated electro-optical Phase Modulator

Polarization Maintaining optical Fibre (for example PM780-HP)
Positive-Operator Valued Measure

Partially Polarizing Beam Splitter

Quarter-Wave Plate

Single Mode optical Fibre (for example 780-HP)

Signal to Noise Ratio

Single-Photon Avalanche Diode

Single Photon Counting Modules

Spontaneous Parametric Down Conversion
Transistor-Transistor Logic, positive electric pulse

half-wave voltage of a phase modulator (PM)

Variable Ratio Coupler — a FBS with adjustable splitting ratio
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Chapter 1

Goals of the Thesis and a brief
introduction

The aim of this Thesis is to comprehensively present experiments which were realized
during my Ph.D. studies. The goal of these proof-of-principle linear-optics quantum in-
formation processing experiments is to implement the suggested theoretical protocols,
verify their feasibility, robustness, and sensitivity to real conditions.

The goal of this chapter is to overview the content of this Thesis and introduce five
presented experiments, based on five publications [1-5] described bellow. The Chapter 2
contains brief contemporary state of research related to the presented experiments. In the
Chapter 3, called Methods and Tools, there is described used formalism of quantum optics,
the individual experimental components, entire function blocks, and procedures common
for most experiments. Beside basic experimental components of linear optics like mirrors,
beam splitters, wave plates, etc. there are also described typical electronics signal pro-
cessing, the source of photon pairs, Mach-Zehnder interferometer, sequential active phase
stabilization procedure of the Mach-Zehnder interferometer operating at single photon
level, real-time feed-forward loop, etc. Then the following Chapters 4-8 describe the indi-
vidual experiments. At the beginning of each of these chapters, there is introduced part of
the theory necessary for understanding of the experiment. It is followed by a description
of the experiment itself, data accumulation, data processing and results. Subsequently,
Chapter 9 includes a conclusion of achieved results. Final chapters are a summary in the
Czech language, a list of author’s publications, a list of citations, and bibliography.

Furthermore the chapters describing the individual experiments are briefly introduced:

Chapter 4 describes the increase of success probability of a linear optical programmable
phase gate via successful implementation of the fast electro-optical feed-forward loop. The
probabilistic programmable phase gate itself was proposed by Vidal, Masanes, and Cirac
in 2002 [6]. For the first time, the gate was experimentally implemented using only bulk
linear-optical elements and reached only 25 % success probability |7]. We reached the the-
oretical limit of 50 % in the fibre-optics gate implementation via the fast electro-optical
feed-forward loop. We verified the increase of the success probability and characterized



CHAPTER 1

the gate operation by means of quantum process tomography. We demonstrated that the
use of feed-forward loop affects neither the process fidelity nor the output state fideli-
ties. The Chapter 4 is based on a publication [1]: Martina Mikovd, Helena Fikerova, Ivo

Straka, Michal Micuda, Jaromir Fiurasek, Miroslav Jezek, and Miloslav Dusek. Increasing
efficiency of a linear-optical quantum gate using electronic feed-forward. Physical Review
A 85, 012305 (2012).

In Chapter 5, we have experimentally tested and verified the relevance of effective
indistinguishability of particles carrying qubits to quantum information transfer and pro-
cessing. In contrast to commonly used overlap of quantum states of particles, defined
only for factorable states, this measure can be generally applied to any joint state of the
particles. We test the new measure of effective indistinguishability on photons produced
by parametric down-conversion employed in a simple linear-optical quantum state trans-
fer protocol. There the measure directly determines the fidelity of the transferred state.
The experimental results confirmed that even if other degrees of freedom of two parti-
cles are entangled, the particles can still serve as good carriers of qubits. Chapter 5 is
based on publication [2]: Martina Mikové, Helena Fikerovd, Ivo Straka, Michal Micuda,

Miroslav Jezek, Miloslav Dusek, and Radim Filip. Carrying qubits with particles whose
noninformational degrees of freedom are nonfactorable. Physical Review A 87, 042327
(2013).

In Chapter 6, there is described the experimental implementation of perfect quan-
tum reading of optical memory records utilizing the smallest possible energy amount.
We built the suggested device for perfect and unambiguous distinguishing between two
different memory records represented by two mutually different beam-splitters. During
the measurement, a superposition of a single photon and vacuum state entered into the
beam-splitter. The experimental results of the quantum reading showed that the memory
records can be perfectly distinguished even if they are in average exposed to a fraction of
photon energy and confirmed the theoretical predictions. Chapter 6 is based on publica-
tion [3]: Michele Dall’Arno, Alessandro Bisio, Giacomo Mauro D’Ariano, Martina Mikové,

Miroslav Jezek, and Miloslav Dusek. Experimental implementation of unambiguous quan-
tum reading. Physical Review A 85, 012308 (2012).

In Chapter 7, we experimentally investigated optimal discrimination between two pro-
jective single-qubit measurements on polarization states of a single photon in a scenario
where the measurement can be performed only once. We investigated the discrimination
strategy in dependence on the amount of inconclusive outcomes. The experimental re-
sults demonstrate the advantage of discrimination strategy utilizing entanglement probe
state in comparison with unentangled single-qubit probes, for any nonzero rate of incon-
clusive outcomes. Chapter 7 is based on publication [4]: Martina Mikové, Michal Sedldk,

Ivo Straka, Michal Micuda, Mario Ziman, Miroslav Jezek, Miloslav Dusek, and Jaromir
Fiurdsek. Optimal entanglement-assisted discrimination of quantum measurements. Phy-
sical Review A 90, 022317 (2014).



GOALS OF THE THESIS AND BRIEF INTRODUCTION

In Chapter 8, there is described the experimental demonstration of a procedure for
faithful quantum state transfer between two weakly interacting qubits. The scheme en-
ables a probabilistic yet perfect unidirectional transfer of an arbitrary unknown state of
a source qubit onto a target qubit prepared initially in a known state. The transfer is
achieved by a combination of a suitable measurement on the source qubit and a quantum
filtering on the target qubit. The filtering depends on the outcome of the measurement
on the source qubit, initial state of the target qubit, and qubits’ mutual interaction. We
experimentally verify feasibility and robustness of the transfer using a linear optical setup
with qubits encoded into polarization states of single photons. However, the theoreti-
cal suggestion of the transfer itself is not restricted to a particular experimental plat-
form. Chapter 8 is based on publication [5]: Martina Mikova, Ivo Straka, Michal Micuda,

Vojtéch Krémarsky, Miloslav Dusek, Miroslav Jezek, Jaromir Fiurasek, and Radim Fi-
lip. Faithful conditional quantum state transfer between weakly coupled qubits. Scientific
Reports 6, 32125 (2016).
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Chapter 2

Contemporary state of research

Linear optics

In recent decades, quantum information processing has been a dynamically growing area.
It seems that the linear-optical platform belongs to one of the most prominent plat-
forms. It was shown by Knill, Laflamme, and Milburn in 2001 [§] (which generalized the
paper Gottesman and Chuang in 1999 [9] and later extended by Kok et al in 2007 [10])
that the linear optics platform is suitable for universal quantum computing. It is an exper-
imentally accessible platform where proof-of-principle protocols’ realizations are feasible
directly with single photons, linear optical elements, and projective measurements. The
essential linear-optical components are mainly beam splitters and phase shifters. Single
photons are good carriers of quantum information [11]. A quantum bit (qubit) is the quan-
tum analogy of a classical bit. While a classical bit can be in one of the two well defined
states (0 and 1, it is a two level system), the quantum bit can be in an arbitrary linear
superposition of these two states. These states are the basis states of two-dimensional
Hilbert space. Photons do not interact easily with the environment. Nnon-linearity is
required to manage the interaction between the photonics qubits. It is achieved by the
means of the non-linearity of quantum measurement. The quantum measurement process
collapses the qubit state into one of the basis states of the operator corresponding to the
measurement. Unfortunately, quantum measurement has a probabilistic character. It is
a random process and by performing a one-shot measurement we cannot obtain complete
information.

The linear-optical implementations of quantum information protocols are mostly prob-
abilistic, because of the probabilistic character of the quantum measurement. It means
that the measurement and consequently the operation sometimes fails. This fundamental
limitation restricts the maximal achievable success probability of the linear-optical im-
plementations of quantum information protocols. It can be in many cases improved by
application of a conditional operation applied via a feed-forward loop. Knill in 2003 [12]
demonstrated the increase of the success probability via the feed-forward mechanism on
the example of a single-mode non-linear sign shift gate. He reached the bound of the
success probability 1/2, compared to 1/4 without the feed-forward loop [8].

Nielsen and Chuang in 2000 generalized in their seminal paper [13]| the concept
of quantum computing [11], where a gate operation does not have to be determined

5
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only by hardware but it can be determined by software. They proved that an n-qubit
quantum register can perfectly encode at most 2" different quantum operations. They
show that it is impossible to build a deterministic universal quantum gate array. However,
it is still feasible to realize approximate or probabilistic programmable quantum gates.
They can be optimized for a given length of the program register, despite obtained re-
strictions for perfect universally-programmable quantum gates [6,[14H16]. A probabilistic
programmable phase gate, proposed by Vidal, Masanes, and Cirac in 2002 [6], was for
the first time experimentally implemented by Micuda et al in 2008 [7]. Its linear-optical
implementation utilizing single-qubit program register had the success probability 1/4.
Mikovd et al in 2012 [1] reached its quantum mechanical limit of 1/2 success probability
in experimental implementation employing the feed-forward loop.

Feed-forward loop

Conditional application of an operation via the feed-forward loop plays a crucial role
in quantum information experiments. Many experiments employing this feed-forward
technique are proposed and some of them are realized using various physical platforms.

For the first time, the feed-forward loop concept appeared in Bjork et al in 1988 [17],
almost 30 years ago. It was used for a non-classical state of a light generation with sub-
Poissonian statistic [17-20]. Then the promising technique was generalized for quantum
computation protocols.

A well-known protocol, in which a feed-forward loop can be implemented, is quantum
state teleportation Bennett et al in 1993 |21]. The feed-forward loop is here usually called
the classical channel. Such quantum teleportation protocols are experimentally realized
for example with continuous variables in an unconditional version [22], with nitrogen-
vacancy centre electronic spins [23], or its full deterministic protocol is realized with a
chip-based superconducting circuit [24], or with atomic ions *°Ca™t [25] and Ba™ [26]
which allow a fully deterministic Bell-state measurement. The teleportation is also imple-
mented over inter-atomic distances using liquid state nuclear magnetic resonance [27]. The
teleportation protocol employing the feed-forward loop is also standardly implemented in
discrete variables [28-30]. The feed-forward technique for efficient quantum computation
with linear optics is described in [8]. It is generalized from papers [9,31].

Other proposals of quantum communication protocols where the feed-forward loop
plays a crucial role have been suggested [32-38]. A lot of experimental results are pub-
lished which can not be reached without the feed-forward technique. Their implementa-
tions include discrete optical systems [39-45], hybrid system [46], and continuous variables
optical systems [47-50]. More information about feed-forward control of light in continu-
ous variables is provided in [51,52].

Let us focus on discrete variables. A conditional unitary operation is applied via an
electro-optical modulator. It is one of the most crucial parts of the feed-forward loop. The
modulators are typically based on a linear electro-optical effect, known as Pockels effect,
where the material birefringence is proportional to applied electric field [53]. Such bulk

6
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high-voltage electro-optical modulators are used in free-space experiments. The maximal
speed of the loop is restricted by the modulator capacity together with time-consuming
electronic processing for increasing the signal voltage level. This is typical mainly for the
bulk feed-forward loop implementations.

We compare the speed of the feed-forward loop implementations in optical systems
in relevant papers. The papers usually refer to the optical delay line length which is
necessary to be added into the optical system. The delay line ensures the proper timing
of the Pockels cell conditional action and the presence of the photon in the cell. The time
delay can slightly differ due to the individual experimental implementations. Hereinafter
comparison is tentative not absolute. In general the implementations try to be as fast as
possible, but there are some exceptions.

All the mentioned papers refer to feed-forward loop implementations employing a
bulk modulator. Our implementation of the loop utilizes the integrated electro-optical
phase modulator with significantly lower half-wave voltage [54-56]. It is included in a
fibre-based setup which has specific experimental difficulties, for example interferometers
low phase-stability. However, to the best of my knowledge, there is no such fibre-based
implementation in the literature. Thus, just a bulk implementations are listed in the
subsequent comparison of loop speeds.

Bulk feed-forward loop implementations utilize high voltage bulk Pockels cells usually
made of LiNbOj (lithium niobate), KDP (potassium dideuterium phosphate), or RTP
(rubidium titanyl phosphate). The half-wave voltage of such electro-optical modulators
(U,) is usually in the order of kilo-volts. The operating wavelengths are within range
700-810 nm and the FWHMSs of used interference filters are within range 3-10 nm. Some
of the papers specify the trigger detector of feed-forward action. They use single photon
detector [57] from PerkinElmer where the generated electric pulse after the photon detec-
tion has amplitude of several volts. Subsequently, it has to be amplified to the kilo-volt
level. Thus the minimal length of the optical delay line depends on the response time of
the detector, rising time of the cell, and the response of the electronics amplifier. An-
other important parameter of the loop is repeatability, it means the maximal operating
frequency. Unfortunately, this parameter is not frequently discussed in the papers. It
mainly depends on the electronics and Pockels cell parameters.

The feed-forward loop described in Giacomini et al in 2002 [30] seems to be the fastest
bulk implementation. It utilize just an 8-m-long free-space delay line corresponding to a
delay of 26,6 ns, U,=1.4 kV. The loop utilized in Pittman et al in 2002 [39] has a 20-m-
long optical fibre delay line corresponding to 100 ns. However, the modulator’s half-wave
voltage is only U,=115 V. Brida et al in 2004 [40] employs a 50 m long optical fibre delay
line from polarization maintaining fibre corresponding to a 248 ns delay, U,=5.2 kV. The
paper Ursin et al in 2004 [29] reports on teleportation across the Danube. There is not
stated any exact delay time because of the feed-forward loop. However, it mentions that
the classical signal arrives 1.5 us before the photon, U,=3.7 kV. One can assume that this
is the case when the nano-seconds do not play any significant role. The paper Pittmam et
al in 2005 |41] points out a similar loop like in 2002 [39]. However, an optical fibre delay
line is 30 m long corresponding to 150 ns. Sciarrino et al in 2006 [42] utilize the same
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piloting electronic circuit as [30] in the loop implementation. However, their delay line is
30 m long, it corresponds to 150 ns. Prevedel et al in 2007 [43] reports in detail about
the feed-forward loop implementation in a separate paper Bohi et al in 2007 [58] and in
his Thesis [59]. The utilized fibre optical delay line is 30 m (35 m) long, it corresponds
to a 150 ns (175 ns) delay. They also find out experimentally the average duration of
feed-forward step, it is 14543 ns, U,=6.3 kV. Vallone et al in 2008 [44] utilizes a 35-
m-long optical fibre delay line corresponding to a 175 ns delay, U,=1 kV. Ma et al in
2011 [60] employs a 100 m optical fibre delay line, corresponding to 0.5 ps. Ma et al
2012 [28] utilizes the same feed-forward loop as Ursin et al in 2004 [29]. However, [28]
mentions the employment of a 100-m-long optical fibre delay line corresponding to 0.5 us,
Ur,=3.TkV. Zhao et al in 2014 [45] entangles different-colour photons via a time-resolved
measurement and the active feed-forward loop. The loop uses a high voltage [kV] modu-
lator and a 150 m long optical fibre delay line corresponding to a 0.75 us delay.

Interferometer’s phase stability

The Mach-Zehnder interferometer [61},62] is an essential experimental tool for many ap-
plications as well as for fundamental research [63]. Various active or passive techniques
are developed to stabilize the relative phase between the interferometer’s arms. Some
bulk configurations of the interferometer are inherently stable as shown in [64]. There, the
displaced Sagnac configuration of the Mach-Zehnder interferometer exhibits a phase drift
below 3 deg per 1.5 hours without any active stabilization or heavy isolation. This Thesis is
focused on single-photon level sequential phase-stabilization of fibre-based Mach-Zehnder
interferometers. The interferometers are crucial for our feed-forward loop implementa-
tion. Their phase drifts are usually slightly smaller than 1 deg per second, even if they
are well isolated from the environment. Thus the sequential active phase-stabilization
loop usually operates at a lower frequency 2 Hz [1,/65H68].

Discrimination tasks

The qubit state is represented by a linear superposition of basis states. The basis states
are mutually orthogonal and it is possible to unambiguously discriminate between them.
One can be interested in a task of discrimination between two linearly dependent states
with non-zero overlap. The impossibility of perfect discrimination between two non-
orthogonal quantum states is one of the typical characteristics of quantum mechanics.
Many cryptographic schemes [69] are based on this fact. This feature provides security
of quantum key distribution protocols. Additionally, this fact prohibits cloning of quan-
tum states |70]. However, it triggers the question what is the optimal discrimination
strategy for discrimination between two non-orthogonal quantum states? A suitable state
discrimination strategy could be used for example as a cryptographic attack [71].

The projective quantum measurement (Von Neumann measurement [72]) is usually
not the optimal one, thus the generalized measurement positive-operator valued measure
(POVM) has to be used. A lot of discrimination strategies have been studied in detail
both theoretically and experimentally.
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In general, there exist two fundamental discrimination strategies. Since the 70s, Holevo
[73] and Helstrom [74),75] have studied the ambiguous quantum state discrimination, where
they tried to reach the minimum-error probability. In the 80s, [vanovic [76], Dieks [77],
and Peres [78] started to study the unambiguous state discrimination which is error free
but it allows inconclusive results. It is known as IDP scheme.

Later, generalized strategies have been studied that interpolate the two fundamental
discrimination schemes. Such theoretical suggestions of discrimination strategies [71,79-
87| are followed by their experimental implementations [88-94]. You can see [95-98] for
more overview information. Recently, the discrimination concepts have been extended to
discrimination of quantum operations and devices [3,99-111] and measurements [112-115].
Although it has a lot of similarities with the quantum state discrimination, it admits
intriguing novel strategies.

Another task is the discrimination of optical devices with respect to the minimal
energy flux. It can lead to quantum reading of optical memories when one exploits the
quantum properties of light. The problem of quantum reading of optical devices is dis-
cussed in [116-120]. For the first time, it was introduced by Pirandola in 2011 [116]. He
assumed that the memory cell may behave like a beam splitter with two possible reflectiv-
ities. There are applied two fundamental discrimination scenarios. As described above,
one of them solves the problem of minimum energy ambiguous discrimination of optical
devices [99,[121,/122]. The task is to minimize the error probability while one guesses
the unknown optical device. The second scenario deals with unambiguous discrimination
of optical devices [123]. It allows the inconclusive outcome while the error probability
is zero. There are only a few experimental implementations of the quantum devices
discrimination. The paper Zhang et al in 2008 [109] reports on perfect discrimination
between single-bit unitary operations using a sequential scheme and the paper Laing et al
in 2009 [110] shows the result of unambiguous quantum process discrimination employing
entanglement.

Indistinguishability

It is impossible to determine a quantum state using a single measurement. However, there
are some methods for estimation of the quantum state or its properties [124,125]. One
can be interested in parameters describing how two quantum states or two particles are
similar or indistinguishable.

Direct measurements of the states’ overlap and fidelity, without complete quantum-
state reconstruction, are already suggested [126,127]. Such measurements are performed
for a two-photon case utilizing Hong-Ou-Mandel interferometry [128]. One can notice,
that the states overlap is proportional to the amount of inconclusive results in the task
of non-orthogonal states discrimination.

However, the coherence and indistinguishability of particles are crucial for many quan-
tum protocols ans processes [129-136]. The overlap is defined only for factorable states. A
lot of mentioned experiments use the photon pairs from the parametric down conversion
and encode the information into their polarization or spatial degrees of freedom. But the
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photons, qubit carriers, are entangled in frequencies. One has to admit that the photons
are not in a factorable state. This is solved in [2]. There is introduced a measure of effec-
tive indistinguishability which can be applied to any joint state. There is shown that even
if some noninformational degrees of freedom of two particles are entangled, the particles
can still serve as good carriers of qubits.

Qubit-qubit interaction

In quantum communication and information theory [11,|137], the qubits are not related
to any particular physical representation. And there is no known theoretical limitation
which prohibits full swap of quantum states between various physical platforms by their
mutual interaction. It is limited by the real-world imperfections.

Some physical systems are easier controlled than the others and some systems are more
suitable for specific tasks. For instance, in quantum communication the photonic qubits
serve as ideal carriers of quantum information [138]. While in quantum information the
atomic and solid state or superconducting stationary qubits are utilized for local storage
and processing of the information [139-142]. Thus, it is crucial to interconnect various
physical platforms [143-153] into hybrid architectures [154-161], despite their imperfect
real mutual qubit-qubit interaction.

In general, the qubits interact usually weakly. Alternatively, decoherence [133] affects
the qubit-qubit strong interaction and the interaction time has to be limited. The re-
sulting effect is a weak interaction. We would like to find out how to overcome weak
interaction and its limitations. Or even better, we need to find out how to build quan-
tum gates utilizing such weak interaction. This is crucial, because a potential of quantum
communication and a information theory [11,137] and its full exploitation requires hybrid
quantum information processing.

Weak coupling prevents the perfect implementation of a bidirectional swap of quantum
states between two qubits, as shown in [162]. Nevertheless, the high-quality unidirectional
quantum states transfer between two physical platforms is sufficient for many applications.

We propose and experimentally verify such unidirectional conditional quantum states
transfer, which works with an arbitrary weak purity-preserving coupling between the
qubits [5]. The approach combines a suitable projective measurement on the source qubit
in an unknown quantum state with the optimal quantum filter [163] on the target qubit.
The optimal quantum filtration also requires an exchange of classical information via the
feed-forward loop [1,23-25,30,43]. The protocol can be used also for transfer of parts of
entangled states. In this way, a hybrid entangled state can be created, however, only in a
probabilistic manner. It can be utilized in hybrid quantum communication networks [140].
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Methods and Tools

In this chapter, we give a brief overview of important components, concepts, and principles
of experimental quantum information processing that are relevant to this Thesis.

First, the formalism of quantum optics is defined. Subsequently, the linear-optical com-
ponents of bulk and fibre optics are introduced as well as other optical devices. Further,
we describe the typical parts of the experiments such as: a Mach-Zehnder interferometer,
a source of correlated photon pairs, a real-time feed-forward loop, electronics for signal
processing, qubit state preparation etc. Then the procedures necessary for preparation
and execution of experiments are described such as active phase stabilization of a fibre-
based interferometer. Finally, the toolbox for experiments characterization is listed. If it
is not trivial, we discuss the experimental difficulties of individual topics. We hope, that
this chapter would be also useful for future lab students.

3.1 Relevant formalism of quantum optics

In this section, we briefly introduce important parts of quantum optics formalism relevant
to this work. If one is more interested in this topics, please see [11,/164}165].

3.1.1 Qubit

In classical physics and informatics, the elementary unit of information is a bit. The clas-
sical bit can exist in one of two well-defined states usually denoted as 0 or 1. However, in
quantum physics and informatics, the elementary unit is a quantum bit (qubit). The qubit
can exist in an arbitrary linear superposition of two states denoted as |0) and |1), here
we use “bra-ket” notation developed by P. Dirac [164]. Mathematically, a qubit state is
represented by a vector in two-dimensional Hilbert space in which the vectors |0) and
|1) form a basis. The computational basis states |0) and |1) are typically chosen to be
orthogonal, (1|0) = 0, and normalized, (0|0) = (1|1) = 1. General pure qubit state |¢) is
represented by an arbitrary linear superposition of basis states:

[¥) = al0) + B]1), (3.1)
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where o and 3 are complex amplitudes. For normalized state they fulfil (|¢)) =|a|” +
|5 ]2 = 1. A quantum measurement is probabilistic. The squares of the absolute values
la)?,|8]? determine the probability of finding the state [t} in one of its basis states |0),|1),
respectively. When P; = [i)(i| is a projection operator onto the basis states, i = 0, 1.
Then the probability of measurement of the i-th result is given as p; = (i|P;|i) = |(i|v) }2,
0 <p;<1land)  p;, =1. Any pure state of a qubit can be also represented as a point on

the Bloch sphere. Then the state can be advantageously parametrized by two angles ¢, 6:

[4) = cos (0/2) |0) + € sin (6/2) |1), (3.2)

where 6 € [0, 7] and ¢ € [0,27]. The angle # determines the absolute value of the complex

amplitude. The normalization condition is still fulfilled cos?(/2) + sin?(6/2) = 1. The
angle ¢ defines the resulting phase between basis states.

Just a pure state can be expressed as vector |1). When a quantum state composes of

a statistical mixture of pure states or it is a sub-part of higher dimensional pure state it
can be expressed only by a density matrix p. The density matrix for pure states is defined

p =) (. (3.3)
Note: In further text, we use shorter notation for the tensor product of two states
1)1 ®[0)2 = [1)1]0)2 = |1, 0); 2, where the indices denote different modes.

as:

3.1.2 Focks state representation

Here, we briefly introduce formalism of creation and annihilation operators and the
bosonic commutation relations.

The creation operator a' increases the number of photons in the given mode by one,
while the annihilation operator a decreases the number of photons in the given mode by

one: R

a'ln) = vn + 1n + 1),
where n is the number of photons in a given mode. The state with n = 0 is called the
vacuum state |0) and vacuum stability condition is given as a|0) = 0. When one applies

(3.4)

both operators a'a|n) = n|n), we obtain the number of photons in given mode. Operator
f = a'a is called the photon number operator. Photon number states, Fock states, create
the orthonormal basis (n;|m;) = 6 ;0n n, where 4, is the Kronecker delta[l]

Here we show the commutation relations in a bosonic system for the creation and
annihilation operators. The general commutator is defined as [A, B] = AB — BA. 1t is
equal to zero if and only if A and B commute, then AB = BA. When A and B represent
two operations which commute, it does not depend which operation is applied as the first.
The creation and annihilation operators in a bosonic system obey commutation relations:

[ai,a}] = 5., [, 6,] = [aj,a}] —0. (3.5)

'Kronecker delta 6, , =1 if and only if z =y, for z # y §,,, = 0

12
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3.1.3 Qubit encoding

In this Thesis, we employ photons as carriers of qubits. We encode the qubit into photon
polarization degrees of freedom or spatial degrees of freedom.

Polarization encoding utilizes as basis states |0), |1) horizontal and vertical linear po-
larization states |H), |V), respectively. The basis state |H) is represented by the photon in
horizontal linear polarization mode |1,0) sy = ak|0,0) v, analogically |[V) = [0,1) g =
al,0,0) 5. The states fulfil (H|V) = 0.

While in spatial encoding?] basis states are represented by a photon propagating
through spatially separated paths. The basis state |0) is represented by a spatial state
1,0)1.5 where the photon is in the first path (mode 1), a{|0,0);5, analogically |1) =
10, 1)1 = @3]0,0)q.5.

In this Thesis, we mainly work with the following six states, utilizing the polarization
or spatial encoding:

{‘H>> ’V>a |D>> |A>a |R>v |L>}polarization enc. ~ {‘O>7 ’1>v |+>v |_>> | + i>> ’ - 7;>}spatial enc.

as mentioned |H),|V) and |0), |1) are the basis state of polarization and spatial encoding,
respectively. Then |D), |A) are diagonal and antidiagonal linear polarization states, de-
fined as | D) = (|H)+|V))/V2, |A) = (|H)—|V))/V2. |R), |L) are right and left hand cir-
cular polarization states, defined as |R) = (|H) +i|V))/V2, |L) = (|H) —i|V))/v/2. Ana-
logically in spatial encoding the states |+), |4i) are defined as follow |£) = (|0)%[1))/V/2,
and | £4) = (]0) £4|1))/+/2. For some experiments it is convenient to change the qubit
encoding from spatial to polarization, |0) ~ |H), |1) ~ |V), or vice versa.

How to experimentally prepare such qubit states is shown further in the section Qubit
state preparation.

3.2 Components used in the experiments

In this section and section 3.3, the optical components used in the presented experiments
are briefly described.

3.2.1 Collimating lens (C)

Collimating lenses are used in all our experimental setups. They are used for outcoupling
of the diverging light beam from the optical fibre and its subsequent collimation, as well as
for the opposite task of coupling light beam into the optical fibre. Two such collimation
lenses are part of an air gap which is described later. The lens parameters are: focus
length f = 11.00 mm, numerical aperture NA = 0.25, anti-reflex coating for 600-1050 nm.
e GOFC-0-A11-02 (Schéfter+Kirchhoff) fibre collimator
e C220TME-B (Thorlabs) aspheric lens

2also known as which-way encoding, or path encoding
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The first mentioned collimating lens has integrated holder for a fibre optic connector
FC/PC or FC/UPC thus for a 0°-polished fibre. The holder also contains an adjustable
mechanism for fine tuning of the distance between the lens and a ferrule of the optical
fibre connector. The second mentioned lens was used mainly in the earlier experiments.
It has to be mount into additional holders to tune the final distance. Their typical mounts
are shown in Fig. [3.1|(b,a), respectively.

3.2.2 Mirrors (M)

All mirrors used in the experiments are broadband dielectrics mirrors BB1-E03 (Thorlabs)
for an angle of incidence 45°. These mirrors have the average reflectivity higher than 99%
(750 — 1100 nm). Around 810 nm the reflectivity for S, P polarized and unpolarized light
is better than 99.6%. The typical mounted mirrors are shown in Fig. 3.1(c, d).

3.2.3 Kinematic mounts and holders

Many optical components have to be mounted in some holders. Because of the alignment
purposes, it is convenient to have this holders kinematic with an adjustable tip and tilt or
rotatable. We use mechanical mounts from Thorlabs, Newport, Radiant Dyes or home-
made. Some typical kinematic mounts are shown in Fig. 3.1.

Figure 3.1: Typical kinematic mounts and holders of the collimating lenses, mirrors and
wave plates. (a) lens and post from Thorlabs, kinematic mount from; (b) fibre collimator
from Schafter+Kirchhoff, kinematic mount from Radiant Dyes, and home-made post and
collimator holder; (¢, d) mirrors from Thorlabs and home-made posts, kinematic mount
from Newport (c) and Radiant Dyes (d); (e) wave plate in mechanical rotation mount
and post from Thorlabs.

3.2.4 Wave plates (HWP), (QWP)

A wave plate is a bulk optical component, which serves for manipulation with a polariza-
tion state of light. It is usually made of uniaxial birefringent optical material, for example
crystalline quartz. The polarization state of incident light is decomposed into two orthog-
onal eigen-modes with different indices of refraction (two optical axes). The eigen-states
are two orthogonal linearly polarized light waves. They are mutually phase retarded at
the wave plate output. According to the phase retardation I' we recognize two basic wave
plates, a half-wave plate (HWP) and a quarter-wave plate (QWP). HWP has the phase
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retardation of half-wave I' = 7 [rad] and QWP has the phase retardation of quarter-wave
I' = m/2 [rad]. Each of these wave plates can be made as a zero-order or multi-order wave
plate. For instance, the phase retardation of HWP is I' = 7 +n-27. When n # 0 it is the
multi-order HWP and when n = 0 the resulting phase retardation is I' = 7, it is zero or-
der HWP. The zero order wave plate is usually produced as combination of two mutually
rotated multi-order wave plates. The zero-order wave plates are less spectrally sensitive.

At the wave plate output, the two waves propagating in its eigen-modes are put coher-
ently together and create the resulting polarization states. This can be mathematically de-
scribed with help of Jones calculus and matrix representation of optical devices |166,[167]:

Jour = R(§) - W(T') - R(=¢) - Jin. (3.6)

Jin and Joyr denote the input and output Jones vectors describing the polarization

states of light, respectively. W (') is the general wave plate with phase retardation I' and
R(§) matrix describe rotation of coordinates by an angle &,

W(r) - ((1) 0) R(§) = (f(;ffg §> (37)

HWP = W(x) = (é _01> QWP =W(r/2) = ((1) BZ> | (3.8)

In further text, there is used notation HWP({) which means R(&)- HW P - R(§), similarly
for QWP. We also say the wave plate is aligned to 0° (HWP(0°), QWP(0°)), when one of
the its optical axes is identified with the horizontal linear polarization state. This state
remains unchanged by the wave plate. The wave plate is typically mounted in a manually
driven rotation mount, as shown in Fig. 3.1(e). Some wave plates are placed in computer
controllable motorized mounts from Newport, because of the experiments automation.

3.2.5 Optical fibres

In our experiments, we use a single mode optical fibres for wavelength 810 nm. In the first
experiments [1-3], there are used single mode fibres 780-HP from Nufern. Used patchcords
and pigtails of optical components are also fabricated from the same fibre type, except
integrated electro-optical fibre phase modulators. Its pigtails are made of polarization
maintaining fibres (the resulting issues are mentioned in the further subsection Integrated
electro-optical phase modulator).

The recent experiments [4,5] combine the advantages of bulk and fibre setups. All
used fibres are polarization maintaining fibres PM780-HP panda type from Nufern, as
well as patchcords and pigtails of optical components.

The last type of used optical fibre is the polarizing optical fibre HB830Z(5/80) from
Fibrecore Zing”™ . It has the bow-tie geometry. This fibre is employed as a fibre polarizer.

All the fibre optics patchcords and pigtails are terminated by FC/PC (Fibre Connector
/ Physical Contact) fibre connector with a key. The key is aligned to its slow optical axis.
Two fibre connectors are connected together by a fibre optics adapter FC-FC.
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3.2.6 Polarization controller (PC)

In bulk optics, birefringent phase retarders (wave plates) are used for changing polarization
state of light. In all-fibre technology, fibre polarization controllers (PC) are used as the
birefringent elements. The experiments [1-3], described in Chapters 4—6 utilize the single
mode fibre (780-HP). Three-paddle polarization controllers FPC030 from Thorlabs are
employed for polarization state modification. They have a spool diameter approximately
2.7 cm.

The birefringence in the optical fibre is induced by mechanical stress. Each rotatable
PC paddle contains a spool where the fibre is coiled. The incoming light is split into
two stress-induced perpendicular modes — slow and fast optical axis of the fibre. They
are named according to their higher and lower refractive index. The fast axis lies in the
plane of the spool (paddle). The position of these two axes in relation to the incoming
polarization state is adjustable by the rotation of the PC’s paddle. For certain fibre and
wavelength, the spool diameter is indirectly proportioned to the resulting phase retarda-
tion between the slow and fast axis [168]. The fibre is usually coiled to the three-paddle
PC in order one, two and one loopsE]. In this way, a sequence of fibre phase retarders is
created which roughly corresponds to QWP, HWP and QWP.

3.2.7 Automatic beam stop, flip (F)

A beam stop is a device which blocks the beam. The automatic beam stop, let us call
it a flip, is under computer control and blocks or unblocks the beam on demand. In
our experiments the flips are used for switching between two beams or for interrupting
an interferometer arm, as described later. These operations are part of stabilization
procedure and should be fast. Because of it, we need to switch as fast as possible between
a passing beam and a blocked beam. Below we review three flip devices used in our lab
during the time.

e Motorized filter flip mount MFF001/M (Thorlabs) with black aluminium foil instead
of the filter, Fig. (a). This switch between two perpendicular positions. When the
beam is aligned close to the edge, the flip time is significantly faster in one direction. The
unblocking flip time is at least 0.1 s and the blocking flip time is more than 0.4 s.

e Home-made optical chopper disk mounted to a step motor. Its typical flip time is
roughly 0.2 s. Unfortunately, the step motor temperature is too high and it heats the
setup, Fig. 3.2(b).

These two types of flips are driven by TTL pulses 5 V high and they are in detail
described in thesis |[169]. These flips are employed in the earlier experiments. However,
they are already overcame by a new home-made flip.

e Home-made optical flip using RC servo developed by M. Jezek. In detail, it is
described in [170] and it is shown in Fig. 3.2(c). The RC servo is controlled by a pulse-
width modulation (PWM) signal. Thus when the beam is aligned to the beam stop edge,
it just moves around 5° and its flip time is shorter than 0.03 s.

3Sometimes one, two and three loops.
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(©

Figure 3.2: Automatic beam stops. (a) Motorized flip mount MFF001 from Thorlabs, (b)
Home-made optical chopper disk mounted to a step motor, (¢) Home-made flip using RC
servo. Photos (a,b) are adopted from [169]. Photo (c¢) is adopted from [170] and modified.

3.2.8 Detectors

The optical signal, which has to be detected, is at near infra-red region of electro-magnetic
spectra centred at 810 nm. We use two types of silicon detectors, which can be used in a
region 350-1100 nm.

e PIN photo diodes [167] are used for alignment purposes. The PIN diode detects the
strong optical signal produced by a unattenuated probe laser diode. In our laboratory,
we use silicon amplified detectors with switchable gain PDA36A-EC or silicon biased
detectors DET10A/M, DET36A, DET100A, etc. from Thorlabs. The signal from the
detector 0-10 V is post-processed and displayed by an oscilloscope or by a computer via
an analogue-to-digital converter (ADC).

e Single photon counting modules (SPCM) [57], later referred as single photon detec-
tors, are used for detection of a weak signals. By the weak signal we mean a signal at a
single photon level from the spontaneous parametric down conversion or the probe laser
diode attenuated to a level which does not saturate these detectors.

The SPCM is based on a single photon avalanche diode (SPAD). It is high gain
avalanche photo diode (APD) operating in Geiger mode. It means that its bias volt-
age is above the breakdown voltage. The incoming single photon triggers the avalanche
of electrons which is big enough to be detected as an electronic pulse. The time duration
from the photon incidence to the electronics pulse production is called the response time
of the detector.

In our experiments, we employ the single photon detectors from Excelitas (formerly
PerkinElmer) [171]. Their single-modules or the quad-modules are adapted to fibre con-
nectors by FC fibre-optic receptacle and a fibre optical lens. Individual detectors differ
from each other in parameters, for example: photon detection efficiency, dark count rate,
maximum count rate, dead time, linearity, response time of the detector, and output
electric pulse — its height, shape, and full width at half maximum (FWHM).

It is useful to choose detectors for the experiment carefully. Ideally, we would like to
have detectors with the same detection efficiency. We measure their relative detection
efficiencies n;, where ¢ is the number of the detector. Their average dark count rates are
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dc; per the same time unit. Then raw count rates N; are normalized (N; — dc;)/n;, using
dark counts and efficiencies. In the case of coincidence rate C;; between two detectors
D; & Dj the detectors dark counts play a negligible role and the normalization is given
as C;;/(nm;). The detectors differ in their response times. For general applications it
is not crucial and they are compensated by electronics delay lines or by coaxial cables.
Although, the detector with the shortest response time is chosen for the feed-forward
loop, because the response significantly influences the overall loop time. This has to be
compensated by fibre optical delay lines inside the fibre-based interferometer. Each 5 ns
adds roughly 1 m of the optical fibre.

The typical parameters of used detectors from PerkinElmer and Excelitas are: dark
counts 150-1200 s~!, total efficiencies about 50-70 %, response time 15-45 s.

3.2.9 Integrated electro-optical phase modulator (PM)

A phase modulator is an optical device which modulates the phase of the passing light
beam. An electro-optical phase modulator (PM) is based on a linear electro-optical ef-
fect (Pockels effect) in optical crystals. We utilize transverse integrated electro-optical
phase modulators from EOSPACE, made of lithium-niobate LiNbO3 uniaxial crystal. Ap-
plied voltage proportionally changes only the index of refraction, not the directions of
the optic axes, as described in [53,[172]. Each PM axis has a different index of refrac-
tion and different electro-optical coefficient. The overall crystal birefringence is given by
the natural and electrically induced birefringence. The voltage applied to PM induces
different phase shifts in each axis. Thus, working with general polarization states would
be too complicated or impossible. However, by using only one PM axis, the change of
refractive index results in phase changes of the output state of light, while its polar-
ization state remains unchanged. This is the reason, why in all the experiments only
the PM slow axis is used. The PM itself is pigtailed by polarization maintaining fibres.
Thus a proper coupling of a light into fibre
slow axis should correspond to correct cou-
pling into PM slow axis. In the first gen-
eration of experiments, which do not use
the polarization maintaining fibres, the ad-
ditional linear polarizer is placed into the
PM output port or the PM with integrated
polarizer is used. The polarizer transmits
only light which pass the slow axis and

f
1

#
N

it is correctly phase shifted. In front of
the PM, there is placed a fibre polarization
controller (PC). Via the PC we maximize
the intensity of transmitted light through

£05

>

the polarizer. It corresponds to proper cou- -
pling of light into the slow axis. Figure 3.3: Photo of phase modulators.
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The PM can be characterized by several typical parameters:
e Insertion losses IL [dB], typically 2 dB < IL <5 dB, IL = 10 - log(FN/max(Pour)).

e Extinction ratio or polarization crosstalk F [dB], typically 18 dB < F < 36 dB,
E =10 - log(#srow /peasr) (for light correctly coupled into its slow optic axis).

e Operational wavelength A = 810 nm.

e RF port termination — with termination (the fast PM) R = 50 Q or without termi-
nation R =1 M.

e Bandwidth B [Hz], typically DC < B < 500 MHz (for the fast PM B < 30 GHz).
e 521 [dB] - Electro-optical modulation response, frequency response.

e S11 [dB] - Electrical return loss.

e Maximal applicable voltage Up.x = £10 V.

e Half-wave voltage U, [V], specified for slow axis U, < 3 V, typically U, for slow
optic axis 1.4 — 1.9 V and for fast optic axis roughly 5.5 V.

e Maximal optical input power at operational wavelength Py < 30 mW.

The PM is placed in each arm of fibre-based interferometer. One PM serves for the
interferometer active phase stabilization. The second one is a part of the feed-forward
loop or it just serves as a passive component for dispersion compensation. The knowledge
of the exact value of a half-wave voltage U is crucial for the mentioned applications. The
application of the half-wave voltage U, to PM changes the phase of its output light by
half-wave, 7 rad, compare to the situation without applied voltage. In all our experiments,
we use only the slow axis of the PMs. The U, of slow axis is typically within the range
1.4 — 1.9 V. With respect to the maximally applicable voltage +£10 V, the dynamical
range of the PM is approximately £+6m rad. It corresponds to 43 interference fringes.
For the wavelength of 810 nm, it is roughly +2.5 pum of optical path difference. However,
we want to keep the applied voltage close to 0 V. To minimize the negative influence of
possible inaccuracies of measured U, and to protect the PM against heating, which may
negatively influence the value of U,. Thus during the stabilization routine dynamical
range is maximally £1 interference fringe.

The exact value of the half-wave voltage U, is crucial for our applications. It is better
to measure it under our laboratory conditions and with the used light source, because the
half-wave voltage depends on a wavelength, U, ()).

Measurements of PM’s half-wave voltage U,: Here, we briefly describe two
methods of half-wave voltage measurement: Method (A) is based on interference fringe
scan [172]. Method (B) is based on a fact that phases shift of 27 applied between the
interferometer’s arms should not change the output intensity [173/174]. Both these meth-
ods are applicable with (a) a strong signal and PIN diodes or with (b) a weak signal
and single photon detectors. However, some combinations are not suitable as discussed
below. Both these variants employ an experimental setup, where the PM is inserted into
the well balanced fibre-based Mach-Zehnder interferometer with good visibility and with
high signal-to-noise ratio (SNR) of an output signal.
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(a) the measurement using a strong signal requires the laser diode with a power
detectable by a PIN diode. The signal from the PIN diode is displayed or stored by an
oscilloscope or an analogue-to-digital converter (ADC) which is under computer control.

(b) the measurement using a weak signal requires the attenuated laser diode with
a power which does not saturate a single photon detector. The electric signal from the
detectors is processed by counting electronics and the count rate is stored.

The measurement of U, should be as fast as possible. Because the phase inside inter-
ferometer drifts spontaneouslyﬂ

(A) the measurement of U, based on interference fringe scan: The goal is to
obtain the interference pattern in dependence on the voltage applied to the PM. Thus,
we need to drive the PM and observe the interferometer output. Both these action have
to be synchronized and under control.

During the measurement, a bipolar triangle electric signal is applied to the PM. When
it is not enabled by the signal generator, the PM is driven just by a positive triangle signal.
Both with respect to the maximal applicable voltage. The electric signal is generated by
a function generator or a digital-to-analogue converter (DAC) which is under computer
control.

For subsequent data processing, we restrict to one edge of a driving signal, where the
voltage is linearly increasing. The obtained interference patterns is fitted by sinusoidal
function a - sin (b - Uapp + ¢) + d, where U,,, denotes the applied voltage and a, b, ¢, d are
the fit parameters. From parameter b we obtain the half-wave voltage as U, = 7 /b.

There are several possibilities how to measure the interference fringe with a (a) strong
signal. One of them is by employing DAC and ADC (data-logger controlled by computer),
but the sampling frequency and all communication protocols take some time. We can re-
peat the measurement several times to decrease the uncertainty. However, the phase
drift accumulated during the measurement time substantially influence our result as a
systematic error. The measurement employing a function generator and an oscilloscope
is the fastest solution, however, it is not the best for our purposes. We can measure the
exact value of the Uy, in this way. Unfortunately, during the main experiment measure-
ment all the procedures are implemented via the DAC[| not via the function generator.
Obtained half-wave voltages by these two methods may slightly differ. Nevertheless, the
measured U, value with a strong signal is for us approximative, but useful for other usage.

The task of the interference fringe measurement with a help of the (b) weak sig-
nal is also a part of active stabilization procedure, described later. This measurement
takes several seconds and a phase drift accumulated during the measurement significantly
influences the resulting U,. However, the measured fringe visibility is not significantly
influenced.

4This fact is discussed mainly in following section Stabilization of experimental setup
5The stabilization procedure is implemented via the DAC and utilize weak signal. It is the reason,
why we prefer the value of U, measured via the DAC. Thus, under the same conditions.
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(B) the measurement of U, based on idea that phases shift of 2 between in-
terferometer’s arms remains the output intensity unchanged: This measurement
is more robust with respect to a time phase drift. It consists of many short and inde-
pendent measurements. However, the overall measurement time can reach a few hours.
First, we define a measurement range, where the approximative value of the U, is in the
middle, and a step. Then two fast measurements are performed for applied voltage +U
and —U and two intensities or count rates x, and x_ are obtained, respectively. This is
repeated several hundred times, for each value of U from the range to accumulate enough
data. When U = U, the difference between x, and z_ should be zero. However, we
have to take into account phase fluctuations. We can say that the absolute value of the
count rate difference|z; — x_| does not need to be zero for U = U,, however, the difference
should be minimal. This method is applicable for both signals (a) strong and (b) weak.

In general, we prefer measurement of the U, using DAC and a weak signal from the
single-photon source (Spontaneous parametric down conversion) because of their wave-
length. Because the U, measurement is performed in the same configuration as the main
measurement.

3.3 Beam splitters

3.3.1 Beam splitter (BS) — polarization insensitive

A beam splitter is an optical device which splits an incoming light beam. We use only
beam splitters 2x2, which have two input ports and two output ports. The light entering
the beam splitter by one input port 1(2) is divided into two spatially separated parts,
outcoming by ports 3 and 4 as shown in Fig. The beam is transmitted by BS with
transmissivity 7" and reflected with reflectivity R. Here T, R €0, 1] for lossless BS fulfil:

T+R=1 (3.9)

T: R is called a splitting ratio of BS. T" and R, the intensity variables, are directly ex-
perimentally measurable parameters. However, amplitude variables transmittance ¢t and
reflectance r are more convenient for calculations. Their absolute values read:

t|=VT, |r|=VR (3.10)

> bl & 2
3

=

Figure 3.4: left — scheme of a beam splitter (BS) with clarified mode notation, 1,2 — input
modes, 3,4,— output modes; right — Photo of a typical cube BS.
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Let us consider the lossless BS, where t, and r, denote the amplitude transmittance
and reflectance according to input ports, x = 1,2. Their absolute values are |r;| = |ry],
It1] = |t5] thus the Eq. is still fulfilled |y |* +[t1]> = |ro|* +[ta]” = 1 and r1t} + 15ty = 0,
where the asterisk denote complex conjugate value. Their phase shifts have to fulfil a
condition arg(ry) + arg(re) — arg(t;) — arg(ts) = (1 — 2k)w, where & = 0,1,.... It is
deduced from conservation law of energy [1304/175]. Without loss of generality, we can
restrict the BS parameters tot; =to =t and ry =r Ary = —r or ry = ry = ir.

The quantum mechanical description of BS utilizes the formalism of creation operators,
a', in the Heisenberg picture. The BS transforms the modes in a following way [165,(176]:

aI = m; + tai, ag = mi + tag,
al =tal —ral, al =tal —ral. (3.11)

The BS transformation (3.11]) can be also written using matrix formalism:

CLT r CLT CLT r CLT
DI G o

In further text, we investigate the single photon and two photons behaviour at the BS.
A single photon enters the BS by port 1, the output state is given as:ﬂ

BS Eq.(3.11)

V)i =11,0)12 = 61“07 0)1,2 (ra£+tajl)|0, 0)s4 =7|1,0)34+t[0,1)54 = |[¢))ouT.

(3.13)
The result is superposition of photons being in outputs port 3 and 4. Note: We can see,

that by replacing |1,0)34 and |0,1)34 for logical quantum stat&ﬂ |0) and |1), respectively,
the quantum mechanical states |¢) = a|0) + B|1) in spatial encoding (which way encoding)
can be easily prepared.

Two photons enter the BS each of them by own port, the output state is given:

BS Eq.(3.11)

|¢>IN = |17 1>1,2 = GIG£|070>1,2
= (rtakal — rtalal + Talal — Ralal)(0,0)5,4 = (3.14)
= V2rt]2,0)34 — V2rt|0,2)34 + T|1,1)34 — R|1,1)34 = [¥)our.

(ra?; + tall)(ta; — rajl)|0, 0)3.4

The resulting state consists of four contributions, it is also graphically shown in Fig. [3.5]

Figure 3.5: The Hong-Ou-Mandel effect.

®Here we would like to remind the notation: |1); ® |0)2 = [1)1|0)2 = |1,0)1 o.
"Here 0 and 1 denote the logical states, not the photon numbers.
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When one of the photons is reflected and the second one transmitted or vice versa it
gives both photons in one output port |2,0)54 and |0,2)3 4.

When both photons are transmitted or reflected it gives one photon at each output
port |1,1)s,. However, these two contributions have a different sign. For indistinguish-
able photons, it means an incident at the balance beam splitter (R=T). Then these two
contributions are subtracted to each other and completely disappear. Or let us say, these
two cases destructively interfere, as shown in Fig. 3.5. It is known as the Hong-Ou-
Mandel effect [129]. When two indistinguishable photons enter a balanced beam splitter
(r =t = 1/+/2) each of them by own input port and interfere, the resulting output state
is known as the two-photon NOON state:

[¥)noon = (12,0)3.4 — 10,2)34)/ V2. (3.15)

Let us go back to the contribution given by a single photon in each output port |1, 1)3 4.
Such contributions are crucial for our applications. In our experiments, we detect photons
by single photon detectors. The detectors are not photon number resolving. Thus the
detector placed for instance in mode 3 gives a single click regardless if there is the state
|1)5 or |2)3 (the efficiency of a detector is not discussed here). Therefore, we use the
coincidence measurement. It means the final click is given if and only if the detectors in
modes 3 and 4 click simultaneously.

The resulting output state of Eq. (3.14]) contributing to the coincidence rate is:
[V)our = (T'— R)|1,1)34. (3.16)

Thus, when the two totally indistinguishable photons interfere at the balanced BS (r =
t = 1/4/2) the output coincidence rate is equal to zero, |¢)our = 0.

However we should ask, what happens when the photons are distinguishable. Fur-
ther we discuss two cases. The first case (a) describes what happens when the two photons
do not interact together at the BS because one photon enters earlier then the second one.
The second case (b) describes what happens when the two photons enter to BS at the
same time, however, their polarization states are orthogonal.

(a) The first case describes, what happens when the time delay At between the
photons incoming the BS is bigger than their coherence time. The photons do not interfere
and behave as classical distinguishable particles. Via a newly obtained mode, a temporal
degree of freedom, we can recognize the photons from each other. Let us call the modes
F and S, according to the First and the Second (or Fast and Slow), respectively. Then
we can modify Eq. (3.14) to:

BS Eq.(3.11
)i = [1)17]0)15(0)2r] 1015 = @l alg]0, 0,0, 00115 205 o1
BS Eq.(3.11)
Bl e AN (TG;F + talF)(tags — mls)|0, 0,0, 0>3F,3g74p745 = (3.17)

= (ﬁa:TaFa:Tss - Ttaj;Fajxs + Talea:JgS - RagFa:rLS)‘Oa 0,0,0)3r,354F45 =

- ’I"t|1, ]'7 07 0> - rt|0, 07 17 1) + T|07 1a ]-7 0> - R|17 07 Oa ]-> = |¢>OUT-
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When we restrict the output state to coincidence rate Contributionsﬁ then it reads:

[V)our = T0,1,1,0)3p354r45 — R|1,0,0,1)3r354F45- (3.18)

As visible, the interference does not occur. Even for R = T the two terms do not cancel
each other.

We have discussed just two extremal cases of a perfectly indistinguishable and a totally
distinguishable particle. In general, we can change the time delay At between the photons
from 0 till they are completely distinguishable. The observed coincidence rate increases
from its minimum, given by Eq. for indistinguishable photons, to the maximum,
given by Eq. for distinguishable photons. This is called the Hong-Ou-Mandel
(HOM) dip, it was for a first time experimentally measured in 7987 [129]. The HOM
dip measurement is shown in Fig. |3.6]

BN mﬂﬂﬂﬂﬂlﬂlﬂhﬁlﬁhﬁﬂ#
A N
I S

-1.0 =05 00 0.5 1.0
At [ps]

Figure 3.6: left — scheme of HOM dip measurement, D — single photon detector, BS —

beam splitter, At — time delay, C — coincidence measurement; right — measured HOM dip
for filter with FWHM=2 nm, measured data is adopted from [177]

We use the HOM dip as an effective tool: to align the optical path lengths, to measure
the photons indistinguishability, or to measure how much the photons become distinguish-
able by passing through the experiment. HOM dip is characterize by its visibility V' (the
visibility is in detail described in Section Mach-Zehnder interferometer also in relation to
experimentally measured values),

M -—-m

V= )
M+m

(3.19)

m denotes HOM dip minimum given as our(¢|¥)our from Eq. (3.16). Thus, the two
photons are perfectly indistinguishable and do not interfere at the BS. The coincidence
count rate is obtained for At = 0. It corresponds to measurement “in the dip”. M denotes
HOM dip maximum given as our(¥|¢))our from Eq. (3.18). Thus, the two photons are
completely distinguishable and do not interfere at the BS. The coincidence count rate is
obtained for At > photons coherence time. It corresponds to measurement “out of the
dip”. However, the reachable values of m and M depend on the BS parameters:

m= (T — R)*= (2R —1)%

3.20
M=T?+R>=2R*>—-2R + 1. (3:20)

8The case when one photon is in mode 3 and one photon in mode 4.
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The best minimum of HOM dip, m = 0, can be reached with a balanced beam splitter.
Then the dip visibility is maximal, V' = 1.

To visualize, how the maximal reachable visibility depends on the BS splitting ratio,
one can express the visibility as a function of R by substituting from the Eq. to

V= , 3.21
1-3R(1—R) ( )
the result is plotted on the left part of Fig. [3.7]
A% realtive coincidence rate
Lo 1.0 i R=0.01, V=1%
— R=0.1, V=12%
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Figure 3.7: left — dependence of the HOM dip visibility V' on the BS splitting ratio R;
right — several examples of HOM dips for different splitting ratios of BS and Gaussian
shaped spectral profile of interfering photons.

The dip shape is related to a frequency spectrum of the interfering single photons
[129]. The HOM dip shown in the right part of Fig. 3.7 has a Gaussian shape, because
the frequency spectrum of the photons is also Gaussian. When the frequency spectrum
of the photons has a squared shape spectral profile, the HOM dip shape is given as
1 —sinc(At), [2,[178], as shown in Fig. 3.8 However, the single photon source used in our
experiments employs a band-pass interference filter, its spectral profile shape is given by
a convolution of Gaussian shape and square shape.

realtive coincidence rate
—_— 1.0p

. R=0.01, V=1%
\ /\/v — R=0.1, V=12%
) — R=02 V=31%
— R=03, V=57%
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At [a.u.]
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Figure 3.8: Several examples of HOM dips for different splitting ratios of BS and square
shaped spectral profile of interfering photons. The dip shape is given as 1 — sinc(At).

(b) The second case describes what happens when the two photons enter the BS at
the same time At = 0, however, their polarization states are orthogonal. Let us denote
the polarization degrees of freedom H and V according to horizontal and vertical linear
polarization states, respective. We use a shorter notation:

aJ{H‘Oa 0)imav = |1,0)1m1v = |H)1, aJ{V|070>1H,1V =10, 1g1v =|V)1. (3.22)
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We assume Ry = Ry = R, Ty = Ty = T. Then we can modify Eq.(3.14) in following way:

BS Eq.(3.11)

)N = [H, V)12 = alyaly]0,0): (raly + taly)(tal, — raly)]0,0)5,4
T

_ Tt ToT 1 o1
= (rtaggayy, — rtaypay, + Taygay, — Ra4Ha3V)|Ov 0)3.4

= Tt‘H, V>373 — Tt‘H, V>474 =+ T’H, V>3’4 — R‘V, H>3’4 = ‘w>OUT'
(3.23)

The part of the resulting state contributing to coincidence rate reads:
[W)our =T|H, V)34 — RV, H)34. (3.24)

The post-selected maximally entangled Bell state [U~) = (|H,V)34—|V, H)34)/v/2 can
be prepared in this way, by using the balanced BS (R =T = 1/ 2)E| . The experimental
implementation of the post-selected maximally entangled Bell state |¥~) is shown in
Chapter 7, Optimal entanglement-assisted discrimination of quantum measurements.

3.3.2 Fibre beam splitters (FBS) with fixed splitting ratio

A fibre base analogy of the bulk BS is called a fibre beam splitter 2x2 (FBS) or a fibre
coupler 2x2 (FC). It is schematically depicted in Fig. 3.9, Earlier, we use polarization
insensitive FBSs, fused or chip-based, made of single-mode optical fibres (780-HP) [179).
Their coupling ratio R : T" depends on the coupling length L and the coupling coefficient
C' of the two optical fibres. C' depends on indices of refraction of used fibres, wavelength
of the light source, the distance of the fibre cores, and other technical parameters. The

power at its outputs P, are given as:
Py = P - cos*(CL),
v e 2< ) (3.25)
Pouta = Py - sin“(CL),

where, R = cos?(CL), T = sin?(CL), and R, T are reflectivity and transmissivity of the
FBS, respectively.

Figure 3.9: left — general scheme of fibre beam splitter (FBS), 1,2 — input ports, 3,4,—
output ports. right — photo of the typical FBS [adopted from Thorlabs.com].

There is one important difference compared to the cube BS. The polarization state of
light coupled into a FBS changes during the propagation through optical fibre. When the
FBS is used just for splitting one optical part into two, we do not have to take care about
the polarization state. However, an interference of FBS input signals is required, we need
to set a polarization mode overlap at the FBS. Hence a polarization controller (PC) has
to be placed at least in one input port. However, it is not so practical to use just one

9The state [t))our is not normalized hence for R =T = 1/2 the [¢)our = (|H, V)34 — |V, H)3.4)/2.
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PC to adjust the maximal polarization overlap according to interference fringe visibility.
Because of practical reasons, we placed PC in each input port and polarizers at the FBS
outputs. The PCs are used for step-by-step maximizing of detected light intensity behind
the polarizer. The polarizer selects just one polarization mode, where lights interfere. In
this way, the polarization overlap at the FBS is automatically provided.

Such troubles with polarization mode overlap can be overcame by using FBS made of
single mode polarization maintaining optical fibres (PM780-HP), by chip-based technol-
ogy. When the light is propagated just in one optical axis, the polarization mode overlap
is automatically provided. In general, the splitting ratio for slow and fast axis is different.
Because of the used spectral width of light, the light becomes incoherent after passing
several tens of centimetres in slow and fast axis. It is called polarization mode disper-
sion. Such components made of polarization maintaining fibre work properly, when light
is coupled just into one of its axis, typically a slow one. In our experiments, we employ
FBSs from Sifam, Gooch & Housego, OZoptics, SQS, Lightel Technologie, and Optokon
companies.

3.3.3 Variable ratio couplers (VRC)

The variable ratio coupler (VRC) is fibre beam splitters with a settable splitting ratio.
A splitting ratio is tunable from 0:100 to 100:0 and vice versa. In our laboratory, we
use VRCs from Evanescent Optics (formerly Canadian Instrumentation and Research),
in both fibre V&I‘i&ﬂtﬂ. The VRC splitting ratio can be tuned mechanically by a mi-
crometer screw or a piezo controller for some models. Unfortunately, during the time it
stopped working properly. Hence, a required splitting ratio is set manually. VRC ex-
hibits hysteresis behaviour during tuning the splitting ratio by the screw. Thus one screw
position set in clockwise or counter-clockwise direction does not correspond to the same
splitting ratio, as shown in a left part of Fig. |3.10]

cw WL, I;Z”

R 18

i nml
800 14 1% dlau]

Figure 3.10: left — photo of variable ratio couplers (VRC). right — typical dependence
of VRC reflectivity R on screw position d exhibits the typical “M” shaped dependence.
However, the dependence on wavelength A is linear [180]. The two plots in one graph are
given by hysteresis. The screw was turned clockwise (CW) and counter-clockwise(NCW).

0polarization maintaining fibre (PM780-HP) and single mode fibre (780-HP)
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3.3.4 Measurement of BS splitting ratio R: T
For many applications, it is preferable a splitting ratio R : T" as close as possible to 50:50.
Let us denote FBS ports according to the Fig. [3.11], input ports are no. 1, 2 and output
ports are no. 3, 4. n, is efficiency or transmittance of the corresponding port x = 1, 2, 3, 4.
A power of an input signal coming through the input port 1, 2 is P4, Pg, respectively.
The output powers Pas, Pas, Pps, Ppy (labelled according to the input signal and the
output port) are given by relations:
Pag=Py-m-R-ns
Pyg=Py-m-T-my (3.26)
Pps=Ppg-m-T -3
Ppy=Pp-n2- R-na.

We cannot calculate a correct splitting ratio of the FBS by measuring output pow-
ers just for one input port. Indeed, the result is influenced by the path transparencies
i nd e Ty Pes Tom
R Ppy R-ny

We can calculate the correct splitting ratio, which is not influenced by port trans-

(3.27)

parencies, when we employ all output powers, [181]:

_ Pa-Ppy  T° (1-R)

X=— "= "=
Pus-Ppy R? R?

(3.28)

Then we solve a quadratic equation for R. Only the result with the minus sign has

1+vVX

physical significance, because 0 < R < 1:

(1-X)-R*+2-R+1=0 — Ry (3.29)

2T T X

Figure 3.11: Measurement of fibre beam splitter splitting ratio R : T, 1,2 — input ports,
3,4,— output ports, n — efficiency / transparency of the port.

3.3.5 Polarization sensitive beam splitters

In the previous section, we have described the polarization insensitive beam splitters. In
further text, we describe a general polarization sensitive beam splitter which has a different
splitting ratio for horizontally (H) and vertically (V) linearly polarized ligh!] Thus, we
assume Ty # Ty. We extend the Eq. (3.11) by polarization degrees of freedom H and V.

1H (V) polarized light corresponds to p-polarization (s-polarization). Notation p and s is related to
the plane of incidence. p denotes the electric field component parallel to the plane, while s denotes the
perpendicular one. Notation s is derived from German word senkrecht.
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Polarizing beam splitter (PBS)

The polarizing beam splitter (PBS) is a well known special type of a general polarization
sensitive beam splitter. The ideal PBS usually fully transmits the H polarized light,
while fully reflects the V polarized light. We use the same mode notation as in Fig. 3.4.

Parameters of the ideal PBS are tigy = tog = 1, t1y = toy = mig = rog = 0 and
riy = 1,79y = —1, and the description using creation operators reads:

GIH = ajLHv

aiv = agw

‘I;H = CL;H’

aly, = —al,. (3.30)

In our experiments, PBSs are mainly employed for a polarization state analysis to split
the perpendicular polarization modes. They are also used as horizontal linear polarizers
for transmitted light.

Partially polarizing beam splitter (PPBS)

The partially polarizing beam splitter (PPBS) is another well known special type of
general polarization sensitive beam splitter. The ideal PPBS usually behaves like PBS for
H polarized light and like general BS for V polarized light. Thus H polarized light is fully
transmitted Ty = 1 and V polarized light is split in a ratio Ry : Ty,. We use the same
mode notation as in Fig. 3.4. Parameters of ideal PPBS are t1y = tog = 1, 11y = 195 = 0,

t1y = toy and r1y = —roy. The description using creation operators reads:
T |
Gyg = Qup,
T S
ayy = Tvagy +lvagy,
T _ T
(o = Q3p,
aly, = tyal, —ryal,. (3.31)

General polarization sensitive beam splitter

The general polarization sensitive beam splitter has Ty £ Ty, 0 < T, < land T, + R, =
1, where z = H,V. We can extend the Eq. (3.11), describing the BS, by polarization
degrees of freedom H and V:

GIH = THa:TsH + tHazT;m ale = tHaIH - THa£H7

aiv = TV@J:EV + tVa:ru/’ aj;v = tV@J{V - TV(LEV?

a;H = tHa;H - THCJLH: a:TaH = THGIH + tHa£H7

agv = tvagv — rvalv, agv = rvaiv + tva;‘,. (3.32)

It can be also express using matrix formalism:

aJ{H ty 0O rrg O ale ale tw 0 —rg O aJ{H
aJ;H —ry 0 ty O agH ’ CL;H ry 0  ty 0 aEH
(I;V 0 —Tv 0 tV CL;V CL;V, 0 Tv 0 tV agv
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Here, we consider the case, when two photons enter the polarization sensitive beam
splitter, each of them by own input port. We assume that the photons are distinguishable
only in their polarization degrees of freedom. Photons normalized polarization states are:
[0y = a|H)y + B|V)1 and |@)y = v|H)a + 6|V)a, where [af* +|8> =|7|> +|0]° = 1. The
overall input state reads:

V)N = |V)1 ® |p)e = ay|H, H)1 2+ ad|H,V)12+ 8|V, H)12+ 86|V, V)12 (3.34)

The state transformed by the polarization sensitive beam splitter reads:

[Vyour = ay (Ty|H, H)sa — Ry|H,H)sy —turg|H, H)ss +tgra|H, H)s3) +
+ad (tuty|V,H)sa —rary|H,V)ss —tary|H,V)sa +tyrg|H,V)s3) +
+Bv (tutv|H,V)sa —rurv|V,Hysy —tyrg|V,H)ay +tury|V, H)sz) +

+B8 (Tv|V,V)sa — Ry|V,V)ss —tyry|V,V)as +tyry|V,V)s3). (3.35)

We restrict the output state |¢))our to coincidence rate contributions:
[Yeoinc)our = @y (Tu|H, H)34 — Ru|H, H)34) + ad (tuty|V, H)s 4 — rarv[H,V)34) +
+B8y (tutv|H,V)sa —rarv|V,H)sa) + B (Tv |V, V)sa — Ry|V,V)34). (3.36)

The transformation matrix of Eq. (3.36) can be written as:

OH H TH — RH 0 0 0 ary
afgy _ 0 rgry f}HtV 0 ad ‘ <337)
av,H 0 tuly rury 0 By
ayy 0 0 0 TV — RV 55

This general description of polarization sensitive beam splitter can be advantageously
used for models of imperfect PBS or PPBS. For example when rg should be equal to
zero, but is not. This approach is used in Chapter 8, Faithful conditional quantum state
transfer between weakly coupled qubits, to explain steep decrease of process fidelity.

Beam displacer (BD)

A beam displacer has a similar function as PBS. It splits the light into two spatially
separated modes of ordinary and extraordinary polarized light. However, the geometry is
different. It is schematically shown in Fig. [3.12] The BD is made of birefringent calcite
crystal (uniaxial optical crystal). The BD output beams are orthogonally polarized and
parallel to each other. Their mutual separation is given by the calcite cut, length, and the
wavelength used. In our experiment, we design the BD positions that V polarized light
is directly transmitted, while the H polarized light is displaced. It is schematically shown
in the upper part of Fig. 3.12. The bottom part of Fig. 3.12 schematically shows, how
a BD can combine two parallel orthogonally polarized beams into single spatial mode.
Later, we describe, how two BDs can be used for a realization of inherently stable Mach-
Zehnder interferometer, which can serve as polarization sensitive filter. Via such filter, a
polarization dependent losses can be induced.

Such filter is utilized in the experiment, described in Chapter 8. It uses BDs BD40
from Thorlabs, with 4.2 mm beam separation for wavelength 810 nm.
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Figure 3.12: Scheme of calcite beam displacer (BD); left — BD spatially separates H and
V polarized light; right — two parallel beams are combined into one spatial mode.

3.4 Mach-Zehnder interferometer (MZI)

The Mach-Zehnder interferometer (MZI) is one of the basic interferometric devices. The
first beam-splitter (BS1) divides the beam into two spatially separated paths with splitting
ratio R; : T} as shown in the Fig.|3.13] Each of the optical paths 1, 2 has some efficiency n
due to its insertion losses. At the second beam-splitter (BS2) with splitting ratio Ry : T5,
the two beams interfere. Subsequently, the interference is observed by detectors at the
output ports 3, 4. Let us denote I3 the intensity of the beam reflected by BS1, transmitted
by path 1, and again reflected by BS2 into the output port 3. Analogically I4, I3, Io4.

Lis=mn3 Ry -m - Ry - I, Ly=mny-Ty-m - Ry - I,
13 =13 2 1 1IN 14="MN1- 42T 1 1IN (3.38)

Iy =mn3-T5-n2-T1 - I1x, Iy =mn4- Ry-mp-T1 - In.
When both arms are opened, the beams interfere and the intensities at the output ports

[3 = [13 + [23 + 2. \/ [13 . [23 - COS @ ""}/12(7')

[4 = [14 -+ [24 -+ 2. \/ Il4 . [24 . Sil’lgO . ")’12(7’)
where ¢ denotes phase difference between MZI arms.

are given as:

Y

(3.39)

Y

port 3
(a) outputs (b)
port 4
(1 1] port 3
14 outputs
2 port 4
input
M

Figure 3.13: Scheme of Mach-Zehnder interferometer (MZI) in bulk (a) and fibre (b)
optical implementation. (F)BS — (fibre) beam splitter; R:T — splitting ratio; M — mirror,
D — detector; n — optical path efficiency; ¢ — phase difference between MZI arms.

Let us show a model situation. We assume balanced paths lengths and an absolute
value of the complex degree of time coherence equal to one, |712(T)| =1 [167,/182]. We
also assume indistinguishable particles in all degrees of freedom. From the knowledge
of range of functions sine and cosine, we can easily calculate the maximal and minimal
intensities of the interference fringe, which can be detected at the MZI outputs:
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ms = mln(Ig) = 113 —|— 123 — 2 LAV 113 . [23, my = mln(I4) = 114 —|— IQ4 — 2 1\ 114 . 124,

M3 = maX([g) = ]13 + 123 =+ 2 *\/ [13 . 123, M4 = maX(I4) = [14 + 124 + 2 1\ [14 . 124.
(3.40)
To quantify the interference fringes, we calculate their visibilities from Eq. (3.19):
‘/3 = (Mg - mg)/(Mg -+ mg), V;L = <M4 — m4)/(M4 + m4). (341)

We find out that visibility is independent on output port efficiencies 73 resp. n4 and
input beam intensity I1n, by substituting into Eq. from Egs. and . In
a case, when the light enters the MZI just by one input port, we can include the path
efficiencies 7, and 7, into an effective splitting ratio of input beam-splitter BS1 R} : TI’E|.
Than the MZI visibility can be expressed as a function of the splitting ratios R} and Rs,
as described in and shown in Fig. |3.14]

2Lz Iy 2R -Ry-T|-To 2Ly Ty 2y/R-Ry-T{- T

Vy = - : Vi = = :
T (Ls+Is) R,-Ry+T.-Ty YT (Iu+1Iw) R Th+T| R

(3.42)

The 100% visibility at both output ports is reachable if and only if R} = Ry = 0.5.
Otherwise, when only one of these splitting ratios R}, Ry is equal 0.5, the output port
visibilities are lower than one, but equal to each other, V3 =V, < 1. On the other hand,

the effective splitting ratio R} is tunable by path efficiencies. Thus, it is possible to reach
100% visibility at least at one MZI output port for any splitting ratio of BS2. This gives
us a strategy, how to reach the MZI with high visibility at both output ports. BS2 should
be a BS with splitting ratio closest to 50:50%. Paths transmittances n; and 7; should be
as high as possible and should balance the BS1. In this way, we can easily estimate the
maximal expected MZI visibility.

visibility

Figure 3.14: Mach-Zehnder interferometer visibilities, given by Eq. (3.42)), are shown as
a function of the effective splitting ratio R} of BS1, and splitting ratio Ry of BS2, where
interference occurs. The graph is plotted for R} and Ry within range [0.06,0.94].

12 Rl = Ry xm/y and T} =Ty * 12 /y, where y = Ry xm + Ty 12 and R} + T} = 1.
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In our experiments, we use MZIs operating at a single photon level. As a light source,
attenuated laser diode (coherent state) is utilized, further we call it a probe beam. The
signal is detected by a single photon detector. Instead of beam intensity, we detect a
number of counts per time unit — count rate. By tuning the phase difference ¢ between
MZI arms, the count rate is changed. Thus for certain ¢, N counts per the time unit is
detected. The uncertainty of the count rate is given as AN = /N (in the case of coherent
state the probability of photon detection obeys Poissonian statistic).

Here we focus on interference fringe measurement and evaluation. The inter-
ference fringe visibility gives us information, about quality of interaction provided by the
MZI. As described in next section Stabilization of experimental setup, the phase drift in-
side MZI, caused by environmental fluctuations, has to be actively stabilized (specially
inside fibre-based MZI). The developed method for its active stabilization utilizes the
interference fringe scan.

N

100
80
60
40

20

0 : - d
0 2 A 6 8 ¢lrad]

Figure 3.15: Ilustration of interference fringe (orange) and offset (red). The count rate
N is plotted as function of phase difference between MZI arms. Line — model of average
value; light area — confidence interval; points — simulation of measured data. In this case,

fringe visibility is 0.7 & 0.1, according to Eqs.(3.43),(3.44).

In Fig. [3.15] there is shown an illustrative interference fringe by orange colour. By
red colour is depicted the offset, which consists of background and detectors dark counts.
The offset is measured separately, when all beams are switched off. The offset should be
constant. Subsequently, the data are corrected for the offset in following way: measured
fringe data minus average offset (0). Then the visibility V' 4+ AV is calculated as:

M —m
T Mtm-—2-0 (3:43)
2 2 2
AV:¢(3_]‘;[.AM) () ()
" ? (3.44)

2 ((m— 0)2AM? + (M — 0)2Am? + (M — m)2A?)/”
B (M +m—2-0)? ’
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where M, m denote maximum, minimum of the measured fringe with uncertainties AM =
VM, Am = \/m, respectively. o denotes an average value the offset with uncertainties
Ao. Because the offset is a constant value, it is possible to measure it for a longer time
with resulting lower uncertainty, thus Ao < Am. Finally, it is rescaled to the same
measurement time as is used for the interference fringe measurement, to value o + Ao.

Our illustrative example of interference fringe is visible in Fig. 3.15. Its fringe visibility
is relatively IOWH 0.7+ 0.1 even with applied correction to the offset. However, low visi-
bility is not crucial for the active stabilization function. Low count rate is the weak point,
because it causes relatively wide interval of uncertainty which makes the stabilization
procedure less sensitive.

During the stabilization procedure, the counting time is set to 0.1 s to keep it as fast
as possible. On the other side, we need adequate count rate, ideally as high as possible,
to keep the count rate uncertainty as low as possible. Unfortunately, it is limited by
saturation of single photon detectors. Thus to be on “safe side”, the attenuation of the
probe beam is chosen as follows: We redirect maximal amount of photons by the active
components (under computer control) into each single photon detector. Each detector
should be still far from saturation regime, although the maximum of interference occurs.
By this setting of the probe beam, we usually reach count rate roughly 300.000 ¢/s (counts
per second) in the interference maximum at the end of the setup. The typical interference
fringe scan, with interference maximum 30 ke/0.1s, is shown in Fig.|3.16| The typical level
of dark counts depends on used single photon detector. It is between 10-100 ¢/0.1s. Tt
is almost negligible in comparison with typical count rate. Note: The dark counts create
incoherent offset signal which is also present during the main measurement with photon
pairs. However, it is substantially reduced by coincidence measurements.
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Figure 3.16: Typical interference fringe scans at both output ports of MZI. Count rates N
are plotted in dependence on applied voltage to a PM, causing the phase shift ¢ between
MZI arms. Fringe visibilities are V5 = 0.950 £ 0.002 and V,; = 0.958 £ 0.002.

BLower fringe visibility can be caused for instance by: used imbalanced BSs in MZI, different length of
MZI optical paths (At # 0), partially distinguishable photons in other degrees of freedom than temporal,
etc.
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3.5 Electronic signal processing

As already mentioned, a single-photon detector produces a positive electric pulse as a re-
sult of photon detection. However, the pulse properties as height and FWHM differ from
detector to detector. Such electric signal has to be processed to evaluate single-photon
count rates or coincidence rates between detectors.

First, we convert positive electric pulses into negative electric pulses, because count-
ing and coincidence electronics work with negative NIM logic levels. It is done by passive
inverter Inverting transformer model #460, from Phillips Scientific. In earlier experi-
ments, it was done by home-made TTL to NIM converter (developed by R. Celechovsky).
Pulses incoming into a coincidence logic have to be synchronized. Thus, electric signals go
through passive delay lines Dual nanosecond delay module #792, from Phillips Scientific.
The delay line has a range 0.0 — 63.5 ns per section with step of 0.5 ns and additional
constant offset 1.7 ns. Then signals are propagated through coaxial cables into a dis-
crimination module Octal 300MHz discriminator #7708, from Phillips Scientific. There,
a required voltage level is set. When the level is exceeded by a signal the discriminator
produces NIM electric pulse with required FWHM and height. The narrowest possible
pulse has FWHM approximately 2.6 ns. Then signals are fed into a fan-out Octal bipolar
linear fan-out #7748, from Phillips Scientific. The fan-out replicates each electric pulse
up to four copies. Such processed electric signal is fed directly into a counter to obtain a
single-photon count rate or into a coincidence logic module. The coincidence logic module
Quad 300MHz four-fold majority logic unit #754, from Phillips Scientific can evaluate
2-fold, 3-fold or 4-fold coincidences. However, all described experiments in this Thesis uti-
lize just two-photon coincidences. Thus this module provides the logical operation AND
between signals from two single-photon detectors. When a two-pulse overlap is bigger
than 50 % the coincidence logic evaluates it as a coincidence event and output electric
pulse is produced. A coincidence window is tuned by a FWHM of incoming pulses. An
electric signal from a coincidence logic is fed directly into a counter to obtain a coincidence
rate. We employ counters Quad Counter/Timer #974A, 100 MHz from Ortec (QUAD),
Dual Counter and Timer #994, 100 MHz from Ortec (DUAL) and home-made counters
which are part of Universal Box (UBOX, 8 channels, 40 MHZ)E Counters QUAD and
DUAL operate in NIM logic, while UBOX counts the positive TTL pulses with FWHM
> 12 ns. Because of it, processed electric signals from a fan-out directed to the UBOX
have to go through another discriminator which increases pulses FWHM. Subsequently,
widespread pulses have to go through a 16 channel logic level translator #726, from
Phillips Scientific. It converts NIM pulses into TTL pulses and preserves their FWHM.

All modules from Phillips Scientific and Ortec are powered through NIM-Bins 4001A
from Ortec or by NIM/CAMAC from Wiener.

14The UBOX is developed in our laboratory by M.Dusek and it is available for last two mentioned
experiments. The UBOX counter has 8 counting channels and utilizes the Python libraries.
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The basic concept of signal processing remains the same for all the performed ex-
periments. A main difference in electric signals processing lies in number of employed
detectors. Most of the realized experiments employ 4 detectors. However, one of the
experiments uses 5 detectors. Subsequently, electric signals from detectors have to be
processed and counted. The single-photon count rates and coincidence rates from all
channels have to be stored. Counters are controlled by a computer via serial ports (RS-
232) using Python or MATLAB environment. UBOX is controlled via USB port or via
virtual serial port.

QUAD counter has 3 counting channels, when it is used independently. However, when
QUAD counter has an external time base, it is possible to use all 4 counting channels.
DUAL has 2 counting channels. Standard connection of counting modules used in earlier
experiments is 2x QUAD triggered by external time base from DUAL. In total, we have
10 counting channels available. It is enough for experiments with maximally 4 detectors.
Since UBOX is available, we modify the connection of counting modules to 2x QUAD
and 1x UBOX. One QUAD counter and UBOX are externally triggered by a time base
from a master QUAD counter. In total, we have available 15 counting channels. Typi-
cal electronic signal processing is schematically shown in Fig. |3.17] Single-photon count
rates are counted by UBOX, while coincidence rates by QUAD counters. It is because
the sequential phase stabilization procedure of an interferometer is based on counting of
single-photons and it utilizes UBOX]E.
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Figure 3.17: Simplified scheme of typical electronic signal processing from 4 single-photon
detectors (D) to single-photon rates (S) and coincidence rates (C), for details see text.
Photos of signals processing are shown in Fig. [3.18|

15The stabilization procedure is described later. Its Python implementation is done by M.Dusek and
it advantageously uses UBOX counters and digital-to-analogue converters.
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Flgure 3.18: Photos of the electronics signal processing employing: left — two QUADs and
UBOX together with logic level translator #726; right — two QUADs and DUAL.

3.6 Air gap (AG)

An air gap (AG) is placed in each arm of the fibre-based interferometer. It is not usually
shown in the simplified schemes of experimental setups. There are several reasons for
placing AG into interferometer arm.

Basic AG consists of two collimating lenses and two mirrors placed in kinematic
mounts. One collimating lens serves for outcoupling of light from an optical fibre into a
free space as a collimated beam. The second one serves for coupling of light from free
space into an optical fibre. Two adjustable mirrors give us sufficient number of degrees
of freedom to redirect the collimated beam to be optimally coupled into an optical fibre
again. AG design is usually “Z” shaped or “triangle” shaped, as shown in Fig. [3.19

An outcoupling lens is usually placed at fixed post. While an incoupling lens is placed
at linearly translating stage which enables us to decrease or increase the distance between
optical fibres. Thus, it enables us to change the AG length. In one interferometer arm,
there is usually AG with a mechanical movable stage. In the second arm, there is AG
with a motorized stage. It is necessary to make the beam direction coaxial with the axis
of the stage translation. If it is not coaxial, a change of AG length causes a change of light
incoupling efficiency. Thus insertion losses in interferometer arm would be a function of
a stage position.

AGs are used for balancing of interferometer arm lengths. All fibre-based components
and patchcords have fixed lengths. We try to combine the components to balance the
overall length as much as possible. But, there are usually still few centimetres missing.
This length discrepancy is compensated by a length of AG. Unfortunately, we do not
know precise optical lengths of optical components. Thus, precise arm lengths tuning is
done by the stage scanning and finding the maximum of an autocorrelation function of a
probe beam. The final arm lengths balancing is usually done by the motorized stage scan
with photon pairs. Path lengths are aligned according to the minimum of HOM dip.
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Inside AG, there is easier to tune insertion losses of interferometer arms. It is done
by a partial beam-blocking or neutral density filters. Advantage of bulk attenuators are
that their maximum transparency is 100%. Fibre attenuators, available in our laboratory,
have maximal transparency roughly 70%.

AGs are also suitable places for polarization state control of light or for improving
light degree of polarization (DOP). Thus inside AGs, there are usually placed PBSs that
transmit H polarized light.

In earlier experiments which used single mode optical fibres, the polarization state of
light is set by polarization controller (PC) according to maximal detected intensity behind
polarizer. It is schematically shown in the left part of Fig. 3.19. Experiments, where
the polarization maintaining optical fibres are employed, use half-wave plates (HWP) to
modify the polarization state of light. Linearly polarized light outcoupled from a slow axis
of a fibre is via HWP identified with H-polarized light transmitted by a PBS. It is followed
by proper incoupling of H-polarized light into a slow axis of a fibre. It is schematically
shown in the right part of Fig. 3.19.

PC PBS M M

Figure 3.19: Schemes of air gaps (AGs) in different configurations: left — “triangle” shape
using single-mode optical fibres, right — “Z” shape using polarization maintaining optical
fibres. SMF — single mode optical fibre (type 780-HP), PMF — polarization maintaining
optical fibre (type PM780-HP), C — collimating lens, PC — polarization controller, M
— mirror, PBS — polarizing beam splitter used as polarizer, move — linearly translating
stage for AG length alignment, HWP — half-wave plate, QWP — quarter-wave plate, H —
horizontally linearly polarized state of light.

A proper coupling of a linearly polarized light into a slow axis of a polarization main-
taining fibre consist of QWP and HWP placed in front of the coupling lens. It enables
us to change the polarization state of light and eventually compensate a birefringence
induced for example by an imperfect coupling lens [184]. First, QWP and HWP have to
be calibrated to zerd™® Then we rotate a HWP approximately according to a direction
of a fibre connector key, to avoid the coupling into a fast axis. The key denotes the slow
axis. The second end of the optical fibre is connected into a simple DOP meter realized
using rotating linear sheet polarizer followed by a PIN diode. Such DOP meter is not
able to measure all Stokes parameter only two of them. However, we expect linear po-
larization state, thus it is sufficient for our alignment purpose. A signal from the PIN
diode is displayed on an oscilloscope and one can observe a sinusoidal behaviour of the
detected light. By HWP rotation (close to the pre-set position, no more than +22.5°)
we try to maximize the pattern visibility and consequently DOP of the light. When we

16Position of their optic axes are identified with a direction of H polarization, determined by the PBS.
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reach maximum then we can try to improve the visibility by QWP rotating by several
degrees. We perform walk-in, iterative alignment, by HWP and QWP, till we reach the
global maximum. Obviously, the exact value of the pattern visibility is not important for
this alignment method. We align wave plates positions towards the maximum pattern
visibility.

To clarify how the coupling into a polarization maintaining fibre works: one should
know that used light has a relatively short coherence length. When such light with DOP=1
is equally coupled into slow and fast axis of the optical fibre, one can observe polarization
mode dispersion. Thus, at the end of the fibre, the light has DOP<1. However, when the
light is coupled just into the one optical axis, the DOP at the end of the fibre is still ~1.

3.7 Light sources

In this section, we briefly describe a source of correlated photon pairs and other light
sources necessary for a proper alignment and operation of experiments.

3.7.1 Laser diodes (LD) — probe beam

To make the construction and alignment of experimental setups practical, a strong probe
beam is used. The strong probe beam is a light from a laser diode (LD) with a power
level detectable by PIN-diode detectors. The LD has ideally the same central wavelength
as the photon pairs, A, = 810 nm. LD FWHM should be similar or narrower compared
to the photons pairs, FWHMS< 2.7 nm. When setup is aligned, the LD is attenuated to a
single photon level. It is used as a weak probe beam (coherent state) detectable by single-
photon detectors. The level of LD attenuation, safe for the single-photon detectors, was
already discussed”’} A weak probe beam serves mainly for active stabilization procedure.

How the probe beam is usually fed into an experiment is shown in Fig. [3.20f The
probe beam goes through the same interference filter (IF') as the photon pairs.

Our recent experiments utilized a LD QFLD-810-10S from QPhotonics (S/N:12.12.08),
Ae = 810 nm. The LD is single mode fibre pigtailed. The light is re-coupled into a
polarization maintaining fibre via AG. There, the strong signal is also attenuated to a
weak signal level by neutral density filters and bulk beam attenuator. This LD is chosen
because of its long-term stability of output power and frequency spectra.

3.7.2 Source of correlated photon pairs

The source of correlated photon pairs was built by 1. Straka and M. Jezek, for more details
see Ivo’s Master thesis [177] ev. [185]. Photon pairs generation is based on degenerated
collinear spontaneous parametric down conversion (SPDC) [186,/187], type-II in 2 mm
thick crystal BBO (beta-barium borate, 5-BaB20O,). The source utilizes another BBO
crystal 1 mm thick to compensate the transversal walk-off and group velocity dispersion.

17Tt was discussed in the section Mach-Zehnder interferometer, its part interference fringe measurement
and evaluation.
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The non-linear crystal BBO is pumped by CW laser diode (iBeam Smart from Toptica
set to 115 mW) with a central wavelength A\, = 405 nm. With certain probability, a pump
source photon is split into two photons, called signal and idler. They obey conservation
laws of energy and momentum, which are expressed as follows:

wp :wS—I—wI, kp :k5+k[, (345)

where w, is angular frequency, k, is wave vector and = = P, S, I. It denotes a pump (P),
signal (S), and idler (I) photons. In reality, the Eq. (3.45]) reads:

Aw:wp—wS—wI, Ak:kp—ks—k[, (346)
however, SPDC process is most efficient, when the Aw and Ak is equal to zero.

SPDC type-II means, that obtained signal and idler photons are orthogonally polar-
ized. The pump beam enters the non-linear anisotropic crystal as extraordinary polarized
light and the signal and idler photons appear as extraordinary and ordinary polarized
photons, respectively. It is commonly schematically denoted as e — eo.

Collinear SPDC means, that signal and idler photons have the same direction of wave
vectors. This direction is also collinear with the direction of a pump photon wave vector.

Degenerated SPDC means, that signal and idler photons have the same central fre-
quency. From the Eq. (3.45) we obtain:

ws = wr = wp/2. (3.47)

Our signal and idler photons have the same central wavelengths A, = 810 nm. They go
through the same IF (Semrock, Laser-line customized, labelled MITC #4, A. = 810 nm,
FWHM = 2.7 nm, its spectral profile is convolution of Gaussian shape and square shape),
while a pump beam is blocked by a cut-off filter. They are spatially separated according
their polarizations by a PBS. It is shown in Fig. 3.20. Subsequently, the photons are cou-
pled into slow axes of polarization maintaining optical fibres connected to an experiment.

Inside the idler arm, there is a linear motorized stage. It serves for tuning of time
delay between signal and idler photons. When the source of photon pairs is characterized,
the signal and idler photons are fed into a balanced FBS from polarization maintaining
fibre and by this stage, HOM dip is scanned. HOM dip shape, visibility, and count rate
are mainly determined by the IF used [129,177].
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Figure 3.20: Scheme of the source of photon pairs and its interconnection with the probe
beam . HWP — half-wave plate, LP — linear sheet polarizer in rotation mount, F — flip,
automatic beam stop, (D)M — (dichroic) mirror, IF — interference filter, PBS — polarizing
beam splitter, C — coupling lens, move — motorized stage, AT — attenuation in AG, SPCD
— spontaneous parametric down conversion, this block include non-linear crystals BBO,
cut-off filters, lenses etc., for details see [177].

3.8 Stabilization of experimental setup

First, we explain why an overall experimental setup stability is so important for its perfor-
mances. We demonstrate it at examples of instability consequences. Finally, we describe
how we reach sufficient experiment stability by passive and active methods.

Our laboratory conditions: For first experiments, temperature changes at the
setup place were AT, = 7°C with peak-to-peak changes several times per day. Now it is
AT, < 3°C, but the temperature oscillations have a higher frequency. Overall tempera-
ture gradient inside our laboratory used to be ~ 5°C, now it is ~ 3°C, and the air flux is
decreased. The air ventilation and air condition are under our manual control, however,
they are not automatically correlated. The relative humidity is not under our control and
varies from ~ 7% to ~ 80% RH.

Consequences of experimental setup instability: Mechanical vibrations, air fluc-
tuations, temperature changes and gradients cause the experimental setup instability. For
example, the mechanical part of the experiment consists of posts, mounts, holders, clamps,
screws, an optical table, and so on. These parts are made of different materials with dif-
ferent coefficient of thermal expansion. During the time, the mechanical post and mounts
misalign and the whole experimental setup decohere under the imperfect laboratory con-
ditions. For example the air gaps coupling efficiencies decrease which negatively influence
insertion losses and balancing of optical path efficiencies are changed.

Optical components under different temperatures exhibit slightly different optical
properties. It may negatively influence retardations of wave plates, or a half-wave volt-
age of phase modulator. However, the optical fibres are the most sensitive part of the
experimental setup, because of their length.

In standard single mode optical fibre, fluctuations are translated into phase and po-
larization changes of an optical signal. Due to the last mentioned, we place into an
experimental setup several polarizers with polarization controllers, at the places where
it is possible to control a polarization state of light. Polarization changes are translated
by a polariser to intensity changes. Thus the insertion losses of the optical paths are
slightly changing. As a consequence, the interferometer is imbalanced. It causes a lower
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interferometer visibility. Thus before each final measurement, it is necessary to verify the
polarization states of light. They are set by polarization controllers according to maximal
transmitted intensity by polarizers.

If we do not translate polarization changes into intensity changes, particles passing
through individual paths start to be distinguishable in polarization modes.

It is not a case of polarization maintaining fibres. By employing polarization main-
taining fibres we restrict number of degrees of freedom which are necessary to keep under
control. We use only a slow axis of the polarization maintaining fibres. When a signal
is properly coupled into the axis, it is not necessary to re-align it after some time again.
Then, changes of refractive index cause only misalignment of optical path lengths. The
other effect, which appears with the use of polarization maintaining fibres is a decrease
of signal degree of polarization. It is because of connection more patchcords together by
FC-FC fibre connectors or because of used polarization maintaining fibre components.
However, this problem is solved during the experiment alignment. It is solved by plac-
ing polarisers or polarizing fibres (HB830Z(5/80)) at crucial setup places to increase the
degree of polarization. It is important to note, that the signal coupled into the fast axis
of a polarization maintaining fibre becomes incoherent with a signal in the slow axis. It
is due to a polarization mode dispersion and short coherent length of used light. If such
incoherent signal from fast axis is partially coupled back to a slow axis at a fibre connec-
tors, it is impossible to remove such a parasitic signal from the correct one. These two
signals in one optical axis do not interfere together. It creates an incoherent noise which
decreases the signal degree of polarization.

A phase signal instability is common for both fibre types. It causes imbalance of
optical paths. We can divide the phase changes into two categories. Let us call them
slight and serious phase misalignments. Some of the processes which serve as a standard
tool of linear quantum optics are sensitive to small phase misalignment and some of them
not, like single photon interference and two-photon interference, respectively. Two-photon
HOM interference is not so sensitive to slight relative photons phase changes. However,
both these interference types are sensitive to serious phase changes.

By a slight phase misalignment between optical paths we mean such phase change
which can be repaired by active phase stabilization procedure. Such phase change is
within a dynamical range of employed PM.

Fibre interferometric devices serving for single-photon interference has to be actively
stabilized as described below. A dynamical range of used PM is up to £3 interference
fringes. It corresponds to a phase of £67 rad or a path difference approximately +2.5um.
But, we automatically tune the relative phase of paths just within a range 0.5 of the
interference fringe, to keep the voltage at a PM close to zero.

By a serious phase misalignment we mean such massive phase difference between
optical paths which causes their temporal distinguishability. Compensation of such phase
change is out of PM range. A resulting effect is that we are out of the HOM dip minimum
or far from the autocorrelation function maximum. The serious phase misalignment is
repairable by a linear motorized stage placed in an air gap of MZI arm.
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3.8.1 Passive stabilization

All experiments are built on an optical table with pneumatic vibration isolators. The
table (Newport RS 4000) sandwich structure itself damps vibrations. However, table
legs, isolators, are the most important parts. Their automatic vibration control system
(Newport Stabilizer 1-2000) supported by air compressor, produces something like air
pillow and the table floats. Thus the table is well isolated from a floor. Such table has a
relatively high heat capacity which helps us to protect experiments against a short time
temperature fluctuations.

To improve a passive stability of a whole experiment, we cover it by a two-layer box
to decrease an influence of air convection, air fluctuations, temperature changes, and
mechanical vibrations. The first layer is created by black hardboard (Thorlabs - TB4).
The second layer is made of extruded polystyrene. Longer fibre optical delay lines of
MZI are coiled to an aluminium holder fixed to the table, to be less sensitive to short
time temperature fluctuations. Other fibre components are clamped to the optical table,
eventually they are covered by bubble-foil.

A resulting passive phase stability of a fibre-based interferometer is typically better
than 1° per second. The correct phase inside a fibre interferometer is kept by active
stabilization procedure, described below. The passive phase stability of a calcite inter-
ferometer is better by several orders of magnitude when compared with fibre-based MZI.
Such device exhibits phase drift approximately 1° per hour. Interferometer phase stability
was discussed in Chapter 2, Contemporary state of research and in paper [64].

3.8.2 Active sequential stabilization of fibre-based MZI operat-
ing at single photon level

Sequential phase stabilization procedure periodically changes short periods of stabilization
procedure and main measurement. The duration of data acquisition is short, to minimize
the phase drift, because during the main measurement the stabilization does not work.
Here, we explain firstly continuous stabilization procedure which runs in parallel with the
main measurement.

First steps are the same for both methods. We balance optical paths according to
HOM dip minimum or autocorrelation function maximum. Subsequently, we scan an
interference fringe by a PM. The fringe shows a dependence of a relative phase between
MZI arms on applied voltage to the PM. According to this scan, we choose wanted position
inside the interference fringe and we set corresponding voltage to the PM. Then these two
stabilization methods start to differ.

A continuous stabilization procedure requires a phase modulator with sufficient dy-
namical range which systematically compensates phase differences and keeps both relative
and absolute phases unchanged. It is running parallel with the main measurement. A
sequential phase stabilization procedure just checks a relative phase between optical paths
when the main measurement is interrupted. Thus it sets the proper relative phase before
the main measurement. A sufficient dynamical range of a PM is a half of interference
fringe. It is enough to compensate slight misalignments. However, during the main mea-
surement, several settings of an experiment are performed. It takes some time to change
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a setting. During this process a stabilization procedure is switched off and a setup insta-
bility (phase drifts) may be increased. After this process stabilization procedure sets a
properly relative phase, whereas the absolute phase is not under control. Its phase change
may be larger than a fringe. It results in a serious misalignment.

A hardware implementation of continuous phase stabilization of interferometric device
operating at single-photon level is complicated, however, it is in the progress |188] in our
lab. Below, we describe a procedure of sequence phase stabilization of interferometric
device operating at single photon. It utilizes probe beam operating at a single-photon
level and with the same central wavelength. This sequence procedure is also used for
stabilization of more complicated interferometric setups with two interconnected MZIs or
serially chained MZIs.

The sequential active phase stabilization procedure of fibre-based MZI: A
CW LD attenuated to single photon level is employed as a weak probe beam. This beam
serves for phase stabilization purposes. The central wavelength of a probe beam is set
to 810 nm, to be similar to a central wavelength of the photon pairs. This beam goes
through the same interference filter as photon pairs from SPD(™® We choose LD with co-
herence length comparable to a coherence length of photons from SPDC. Its polarization
state is set according to setup specifics. In what follows, a description of the stabilization
procedure is restricted to a stabilization of a single MZI. Details of phase stabilization of
complicated experimental setups are discussed directly in chapters describing the partic-
ular experiments.

A PM is contained in each MZI arm. One of them is used for a stabilization, the
second one is used as a part of the feed-forward loop or as passive components due to the
dispersion compensation between MZI arms. The PM half-wave voltage (U) is precisely
measured to have a clear correspondence between applied voltage to the PM and the
phase shift between MZI arms (U, ~ 1.5 V). Half-wave voltage measurement technique is
described in previous section Integrated electro-optical phase modulator. Pairs from SPDC
and probe beam are switched by motorized flip mounts (controllable beam stops). Both
these signals are detected by the same single-photon detectors.

The stabilization routine, where the phase drift is actively compensated by means of
PM is described in protocol [189] and theses [181,]190]. For our experiments, this proce-
dure is implemented to Matlab code by H. Fikerova within her Bachelor’s Thesis [174].
Further, it is extended and utilized for measurements in papers [1-3] and theses [169,178].
Subsequently, the stabilization procedure is generalized and implemented to Python code
by M. Dusek and employed in papers [4,5].

The stabilization routine of each MZI is based on count rate measurements at the
end of the interferometer. The routine requires the knowledge of the interference fringe
visibility and maximal count rate at one detector. For optimal operation, it needs also the
sum of counts from both detectors and their dark counts. Then, the routine is insensitive
to long-term fluctuations of probe beam intensity.

18Tt was detail described in section Source of correlated photon pairs.
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Before the stabilization routine starts, the interference fringe is scanned by applying
voltage to the PM inside MZI (from 0 V to at least wave voltage). Subsequently, from
the scan the centre of the first fringe is chosen which corresponds to phase shift 7/2 (It
is a position in the middle between the minimum and maximum of the fringe. In this
place the fringe has the highest positive derivation. Because of it, we reach highest phase
sensitivity.). This information is stored: visibility (V'), voltage (Umia), count rate in the
middle of the fringe (Iuiq). If it is available, sum of the count rates from both detectors
corrected for dark counts and relative detectors efficiencies are also stored.

Then, corresponding voltage U,,;q is applied onto the PM and the count rate is verified.
In general, several typical situations can occur.

(i) If the measured value is in the confidence interval of the stored value I,q4, the
beams are swapped, required phase inside MZI and the main measurement can starts. The
required phase inside MZI is set with respect to the already applied phase correction from
the stabilization routine. After some time, 1-3 s, the data accumulation is interrupted
by the stabilization procedure. The beams are swapped, onto the PM is applied voltage
Umia which should correspond to the phase shift 7/2 inside MZI and the count rate is
verified again. If the measured value is in the confidence interval of the stored value I,q,
the data accumulation continues.

(i) If the measured value is out of the confidence interval of the stored value Iq,
it means that the applied voltage Uyiq, which should correspond to the phase shift /2
inside MZI, does not correspond to this phase anymore. Calculated voltage correction is
applied to the PM and count rate is checked again (let us call it a correction of the first
order). If the measured value is in the confidence interval of the stored value I,,,4, the
new voltage Upniqa = Umia + Ucorrection 18 stored. Just note that the first order correction is
within the range +7/2.

(iii) If the first order correction does not help, another measurement is performed
shifted by 7/2. From these two measurements, the true position inside the fringe is
determined. Calculated voltage correction is applied onto the PM (let us call it second
order correction) and the count rate is checked again. If the measured value is in the
confidence interval of the stored value I,,;q, the main measurement continues. The second
order correction is not used too often, only when the phase drift is bigger than /2.

When the stabilization operates with two detectors, the routine also verifies the sum of
the count rates, which should be constant. If the sum is not in the confidence interval of
stored value, the routine rescales the intensity I,q, so it still corresponds to the intensity
in the middle of the fringe. It is how the typical adaptive setpoint works.

(iv) If also the second order correction does not help several times (N times), the stored
visibility V' is reduced. Then, the second order correction is applied again, but maximally
N times. If the MZI is not stabilized anymore, the interference fringe is scanned again.

This happens only rarely. Usually, the first order correction is sufficient. However,
when the fringe visibility is significantly lower, it points out to the serious setup misalign-
ment. Thus the setup should be re-aligned. Firstly, balancing of optical path lengths
according to the HOM dip minimum should be verified.
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3.9 Real-time electro-optical feed-forward loop

Here, we describe an experimental realization of a real-time electro-optical feed-forward
loop operating at single photon level and its utilization in linear optical quantum infor-
mation processing. Introduction to feed-forward loop utilization is in Chapter 2 Contem-
porary state of research.

Basic idea: A feed-forward loop is used to conditionally influence one part of the ex-
perimental setup in real-time. This change is triggered by a measurement result obtained
from the other part of the setup. This measurement result is as classical information
fed-forward to the experiment. There, it triggers an appropriate operation.

In our experiments, we encode quantum information into states of single photons.
Subsequently, qubits carried by photons are processed. It leads to a complex, generally
entangled, two-qubit state consisting of qubit I and qubit II. Then a projective von Neu-
mann measurement is applied onto the ancillary qubit I. The result determines if the
unitary operation is applied onto the target qubit II, or not.

Thus the conditional application of an unitary operation onto the qubit IT according to
the measurement result of the qubit I is called the feed-forward loop. It is schematically

depicted by the yellow box in Fig [3.21}
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Figure 3.21: Schema of a feed-forward loop, shown by the yellow box. The measurement result
of the auxiliary qubit I triggers the application of unitary operation (U) onto the target qubit II.

Our feed-forward loop is based on a single photon detector, a fast integrated electro-
optical phase modulator (PM), and a single photon interference in a fibre-based Mach-
Zehnder interferometer (MZI). We implemented both passive and active version["Y] of the
feed-forward loop.

In our experiments, we utilize the feed-forward loop for different tasks: to increase a
success probability of liner optical quantum gates [1]; to fully harness benefits of entan-
glement state in discrimination strategy of quantum measurements [4]; as a part of qubit
state transfer protocol investigating states of particles carrying quantum information [2];
and as a part of quantum filter in quantum state transfer protocol between weakly cou-
pled qubits [5]. Simultaneously, we experimentally verify its feasibility and robustness in
linear optical setups operating at a single photon level.

In further text, we describe a typical experimental setup, where the feed-forward loop
is implemented. We explain difference between passive and active loop implementation
and other important terms like half-wave voltage and timing. Finally, we discus how to
make it even faster than 25 ns.

19We call them passive and active according to electric pulse processing. Passive version utilizes
a potentiometer as a voltage divider, while the active version employs a level translator.
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Experimental setup description: An experimental setup, shown in Fig is
realized as follows: the qubit I goes to a polarization state analysis consisting of a half-
wave plate, a quarter-wave plate (WPsl1) and a polarizing beam-splitter (PBS1). Then,
it is detected by a single-photon detector D1 or D2. Thus, the bipartite state of qubit I
and II is reduced to a single-photon state.

Subsequently, the quantum state of the qubit II is re-encoded from polarization de-
grees of freedom to spatial ones (which way encoding). It is done by proper settings of a
half-wave plate and a quarter-wave plate (WPs2) in front of a PBS2. The PBS2 spatially
separates its eigenstates, horizontal (H) and vertical (V) linear polarizations, into spatial
paths 0 and 1, respectively. Simultaneously, the PBS2 creates an input beam-splitter of
MZI. The signal in each MZI arm is coupled into single mode optical fibres. Subsequently,
the signal goes through a phase modulator (PM). PMO serves for active phase stabiliza-
tion of the MZI and PM1 is a part of the feed-forward loop. Then the signal interferes at
the output fibre beam-splitter (FBS). Finally, it is detected by the single-photon detector
D3 or D4. Electric signals from all 4 detectors are led to electronic coincidence logic.
There, just simultaneous click-events of two detectors, detecting the qubit I and II, are
taken into account (coincidences C 3, C} 4, Co3, and Cyy).
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Figure 3.22: An example of a feed-forward loop implementation. WPs — set of HWP
and QWP; PBS — polarizing beam-splitter; feed-forward — electro-optical feed-forward
loop, for details see Fig PM — phase modulator; H (V) — horizontal (vertical) linear
polarization state of light; FBS — balanced fibre beam-splitter; D — single-photon detector.

Illustrative example: If the qubit I is detected by the detector D1, the quantum
state of qubit II can be written as a|0) + 8|1). By passage through the MZI, the state re-
mains unchanged. When the qubit I is detected by the detector D2, the quantum state of
qubit II is different «r|0) — 3|1). However, it differs only in the sign. To obtain a|0) + 5|1),
the state has to be influenced by a feed-forward loop.

Implementation of the feed-forward loop: After photon detection, the single-
photon detector D2 produces a positive electric pulse of defined height, FWHM and with
a certain time delay known as a response time of the detector. The height of the electric
pulse is modified to precisely correspond to the half-wave voltage of PMIET]. Then the

20The pulse modification is done by passive [1,2,4] or active [5] components. Exact implementations
of pulse height modification are described later.
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electric pulse of the proper height is directly led by a coaxial cable to the PM1. It is
necessary to keep the timing of electric pulse application onto the PM1 and presence of
the photon in the PM1. Therefore, the photon has to be delayed in several meters long
optical fibre delay line. Such fibre delay line is placed in both MZI arms.

Subsequently, the phase inside the MZI is shifted by « rad via PM1. It corresponds to
application of required unitary operation operation to the qubit state. Thus the quantum
state of qubit II is rotated around z-axis of a Bloch sphere:

al0) — B|1) G 0)0) — e BI1) = al0) + 1), (3.48)

where |a]?+|8]*> = 1. In other words, information about the measurement result of qubit I
is successfully fed-forward into the experiment. Consequently, the output quantum state
of qubit II is the same as in the previous case, when the qubit I is detected by D1.

As mentioned above, an electro-optical feed-forward loop is utilized in both variants
(a) passive and (b) active. They differ to each other in processing of electric pulses from
a single-photon detector.

(a) a passive implementation of the electro-optical feed-forward loop is
shown in Fig 3.23(a). It consists of a single photon detector, coaxial cables, a BNC
Tee, a potentiometer (acting as a voltage divider), an integrated electro-optical phase
modulator implemented in a fibre-based MZI.

The single photon detector, used in this passive implementation, has the response time
roughly 17 ns. The produced positive electric pulse has FWHM=30 ns and its height is
2.5 V. The pulse is split by the BNC Tee. One output port is connected by coaxial ca-
ble to counting electronics modules terminated by 50 2 impedance. The second output
port is connected through the potentiometer into the PM1 terminated by roughly 43 €
impedance (at DC). The length of coaxial cables is kept as short as possible, totally 1.2 m.
The precise pulse height, corresponding to the half-wave voltage U, of the PM1, is set by
the potentiometerf]

PM half-wave voltage U,: Such voltage applied onto a PM changes a phase of
transmitted light by 7 rad, half-wave. In the previous section, we have explained how
to measure this PM parameter. However, we do not know, how to precisely set the
potentiometer to modify an electric pulse height to the U,-level. Moreover, when we take
into account the imperfect electric pulse shape, the jitter of the detector (0.5 ns) and
the coherence length of photon (22 ps), we can pre-set approximately the height of the
pulse using an oscilloscope. Therefore, the proper potentiometer setting is determined
experimentally in the following way.

The precise value of the PM1 U, is set by observing single photon interference at
outputs of the phase stabilized MZI, as shown in Fig. 3.22. First measurement is per-
formed with a disconnected feed-forward loop. Then the constructive and destructive

21Tn each loop implementation, we employ the 10-turn potentiometer as a voltage divider. Its input
resistance is 100 €2, while the output one is tunable in rage 0-100 €.
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interference should correspond to coincidence rates Cy 3 and Cy 4, respectively. After the
feed-forward loop connection and potentiometer tuning, the constructive and destructive
interference should be perfectly swapped to correspond to coincidences Cs4 and Cly 3,
respectively. There should be no difference between normalized coincidence rates with
detectors D1 and D2 (C4 3 = Cy3 and Cyy = Co4).

To verify the potentiometer setting, we check the coincidence rates again when the
phase inside stabilized MZI is shifted by 7/2. It is a position in the middle of the inter-
ference fringe. The coincidence rates Cy 3 and Cs 4 should be the same, Cy 3 ~ Cy 4, even
with connected or disconnected feed-forward loop. If they are not equal to each other,
the potentiometer should be slightly tuned to set the correct U, value.

Timing: It is necessary to synchronize the electric pulse application onto the PM1
and the presence of the photon in the PM1. The coherence time of the photon from the
photon pair is =2 ps. The detector jitter is 0.5 ns. We try to choose the electric pulse
plateau, far from the leading edge, in the first half of the pulse (roughly 10-th ns of the
pulse with the overall FWHM of 30 ns). Because of the response time of the detector
(17 ns), chosen position in electric pulse (10 ns) and overall delay in coaxial cables (6 ns),
therefore, the photon is delayed roughly 33 ns in 6.6-m-long optical fibre delay line,
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Figure 3.23: Illustration of a feed-forward loop implementation (a) passive variant, (b)
active variant. It is depicted by yellow colour in Fig 3.21 and 3.22. D — single photon de-
tector; PM — integrated electro-optical phase modulator (10 GHz, EOSPACE); electronics
— electronics for a signal processing; LT — level translator (74LVC4245A).

(b) an active implementation of the feed-forward loop is shown in Fig 3.23(b).
Here we describe mainly the differences between passive and active versions of the loop.
In an active implementation, the height of an electric pulse from the detector could not
be only decreased as in the passive version, however, it can be amplified. This version
is developed, because of a newer and faster single photon detector with response time
roughly 14 ns and jitter 0.5 ns. This detector produces electric pulses with FWHM=T7 ns
and pulse height only 1.4 V. Unfortunately, the electric pulse height is not high enough, to
be directly used as the half-wave voltage of the PM1. This problem is solved by an active
element, level translator 74LVC4245A, placed instead of the passive T BNC connector
(details of the level translator are listed at the end of this section). At the output of the
level translator the electric pulses are amplified and delayed by approximately 3 ns. The
precise pulse height corresponding to U, of the PM1 is set by the potentiometer. The
other wiring and electric elements are roughly the same. The coaxial cables are kept as
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short as possible, totally 1 m. Just the timing is re-adjusted. The photon passes through
the PM1 when the central part of the short electric pulse is applied onto the PM1. Thus
the photon is delayed by roughly 25 ns, it corresponds to 5-m-long optical fibre delay
line inside MZI.

Discussion. Feed-forward action requires approximately 25 ns. However, the loop
could be even faster by optimizing the experimental implementation: by using a single-
photon detector with shorter response time; improving of the timing, it could be shifted
closer to the leading edge of electric pulse; re-designing of the experimental setup at the
optical table, it could help shorten the coaxial cables; usage of faster electronics.

Here should be also stressed that the feed-forward loop it not restricted only to phase
changes and it is definitely not restricted to phase change by m. It can perform also am-
plitude changes by replacing a PM by an amplitude modulator (AM). Both the PM and
AM devices and their adjustable functions can also be suitable combined or multiplied [60].

Pinout of the active level translator: type 74LVC4245A: Octal dual supply trans-
lating transceiver (3-state, from NXP Semiconductors). Pins 21, 20 are used for data
input. Pins 3, 4 are used for data output. The active level translator is powered by labo-
ratory source through pins 23, 24 (1). We found out the optimal supply voltages for our
application and set them: input to Uyny=4.0 V and output to Upyr=4.8 V. The common
ground is connected between pins 2, 11, 12, 13, 22.

3.10 Toolbox for experiment characterization

In this section, we briefly introduce the typical toolbox for experiment characterization
which serves for comparison between experiment and theory. Moreover, we explain how
the data utilized for the experiment characterization are measured.

First, let us remind that in experiments described in this Thesis we employ photon
pairs and one qubit is encoded into each of these photons . A projective measurement is
applied onto the idler qubit I. The measurement result is used as a part of the feed-forward
loop. Alternatively the photon I is used as a trigger.

According to a nature of an experiment, we choose the most suitable method for the
experimental result characterization. In general, we can compare normalized coincidence
rates between detectors applying the projective measurement on qubits [ and II. We can
fully characterize an output state of a qubit IT and calculate a state fidelity and a purity.
Or we can fully characterize a whole process, i.e. reconstruct a quantums process matrix
and calculate a process fidelity and a purity [11].

3.10.1 Quantum state tomography

To reconstruct a quantum state, the quantum state tomography has to be used. It consists
of several suitably chosen projective measurements applied to the quantum state. The
measured data are processed by the iterative reconstruction algorithm [125,/191] from
which we obtain the reconstructed density matrix p. For a two-level system it is 2 x 2
matrix.
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We utilize measurements, which are similar to measurement of Stokes parameters,
when a polarization state of light and its degree of polarization are determined. However,
we do not measure classical light intensities, but photon count rates. Thus we have to
repeat the state preparation and measurements till we accumulate an adequate amount of
data. It enables us to reconstruct the quantum state with required statistical uncertainty.

When the qubit is encoded into polarization degree of freedom, the tomography mea-
surement is realized as projections onto set of polarization states. We use six-state analysis
and the particular set of states used is: {|H), |V),|D),|A),|R),|L)}. |H) and |V') denote
horizontal and vertical linear polarization states, respectively. These states are used as
computational basis states in our experiments. |D) and |A) denote diagonal and antidi-
agonal linear polarization states, respectively. They are defined as |D) = (|H) +|V))/V/2,
|D) = (|H) — |V))/v/2. |R) and |L) denote right and left hand circular polarization state,
respectively, defined as |R) = (|H) +i|V))/V?2, |L) = (|H) —i|V))/V2.

Analogically, the tomography measurement can be expressed in a spatial encoding
with basis states |0) and |1). When |0) ~ |H) and |1) ~ |V}, then the projection set is
defined as {|0),|1),|+),|—),| +1),| —7)}. The states |£) and | i) are defined as follows
|£) = (10) £1))/V2, and | £4) = (|0) £i[1))/V2.

The reconstructed density matrix p of analyzed quantum state can be compared with
the expected results. We can calculate characteristics like a quantum state fidelity or purity.

e The quantum state fidelity measures how two quantum states p, p;q are “similar”.

It is calculated as [192]:
2
F = F(pia,p) = {Tr\/\/pid p \/pid} (3.49)

where the density matrix p describes the reconstructed state and p;q denotes the desired
ideal state. In general, pure and normalized state fulfils \/p = p = |¢)(¢| and Tr[p] =
1. Thus, when at least the ideal state is pure, the fidelity can be rewritten as F =

[T /16 Galolda) Gl = (Gualoléa) T [Vidw) ]
F = F(pia, p) = {(bial plpra)- (3.50)

When both these states are pure the quantum state fidelity is given as an overlap of the
2
ideal state |¢iq) with the reconstructed state [¢)). F = [Tr v \¢id)(¢idy¢><¢|¢id><¢id|] -

(Gl 160) [T /I630) ]

F = Flpa,p) =|{dal0)|. (3.51)

One should also note, that the fidelity is bounded 0 < F < 1. F =1 if and only if pig = p
and F = 0 when these two states are orthogonal.

e The quantum state purity is defined as:

P ="P(p) =Tr [p*], (3.52)
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where p is the density matrix of the normalized quantum state. The purity gives us
information how much the quantum state is mixed or pure. It is bounded 1/d <P < 1,
where d is a dimension of the state Hilbert space. For a pure state the purity is P =
Tr [p*] = Tr[p] = 1. However, for maximally mixed state is P = 1/d.

3.10.2 How to implement the quantum state tomography mea-
surement and the data acquisition

Here, we explain how to experimentally realize the quantum state tomography measure-
ment via bulk or fibre-based components.

The polarization state analysis consists of HWP, QWP, and linear polarizer realized by
a PBS. The state of light is transformed by the wave plates in such way that the polarizer
realizes a projection onto required polarization state. In another word, the polarization
state from the set {|H),|V),|D),|A),|R),|L)} is transferred to |H) state. |H) state is
transmitted by the PBS and further detected. It is schematically described in the diagram
bellow and shown in Fig. [3.24f(a).

|H) — HWP(0°) — QWP(0°) — |H)
V) — HWP(45°) — QWP(0°) — |H)
D) — HWP(225°) — QWP(0°) — |H)
|A)  — HWP(-22.,5°) — QWP(0°) — |H)
|[R) — HWP(22.5°) — QWP(45°) — |H)
IL) — HWP(22.5°) — QWP(-45°) — |H)

Polarization state analysis utilizing just one detector requires to perform six indepen-
dent measurement runs. However, such analysis can be also performed in three measure-
ment runs using two detectors. The measurement is realized in orthogonal measurement
basis {{|H),|V)},{|D),|A)}.{IR),|L)}}. The PBS transmits and reflects |H) and |V)
states, respectively. Thus the measurement basis is fully determined by the HWP and
QWP rotation in front of the PBS. Further, the photon can be detected by one of the two
detectors. The detectors relative detection efficiencies have to be calibrated. The analysis
is schematically described in the diagram bellow and shown in Fig. 3.24(b).

) (V) > HWP) = QWP() = [H) (V)
|ID) (JA)) — HWP(22.5°) — QWP(0°) — |H) (|V))
|IR) (|L)) — HWP(22.5°) — QWP(45°) — |H) (|V))

(a) (b) /D1

oo oo
(D ‘D Vpol
unknown % EE ) unknown % % E

state ‘ ”l H,,u. state ‘ |H H:o '

Figure 3.24: Scheme of polarization state analysis (a) measurement of individual projec-
tions, utilized one detector (b) measurement in orthogonal basis, utilized two detectors.
HWP — half-wave plate, QWP — quarter-wave plate, PBS — polarizing beam splitter, D —
single-photon detector, H,o (Vpo1) — horizontal (vertical) linear polarization.
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Moreover, we can perform the quantum state tomography measurement via fibre-based
MZI. The measurement basis is determined by the relative phase between MZI arms and
by the splitting ratio of output fibre beam splitter. When the output beam splitter has
a variable splitting ratio, R:T, the state analysis can be performed in three measurement
runs using two detectors {{]0), |1)}, {|+),|—) }. {|+7),|—7) } }. It is schematically described
in the table bellow and shown in Fig. [3.25(a).

phase [rad] R:T [%] — projection onto states
no int.* 100:0 — |0),|1) clicks of Dy, Dy, respectively
0 50:50  — |+), |=) clicks of Dy, Dy, respectively
/2 50:50  — | +14), | —i) clicks of Dy, Dy, respectively

* “no int.” means, there is no interferometer, because of the R : T = 100 : 0. The phase can be arbitrary.

However, when the output beam splitter with fixed splitting ratio 50:50 is employed
instead of the variable ratio coupler, the state analysis can be performed in four measure-
ment runs using two detectors {{|0)}, {|1)}, {|+), =)}, {|+4),| =) }}. It is schematically
described in the table bellow and shown in Fig. 3.25(b).

phase [rad] R:T [%] — projection on to states
blocked arm 1, no int.*  50:50 — |0) sum of the clicks Dy + D,
blocked arm 0, no int.*  50:50 — |1) sum of the clicks Dy + D,
0 50:50 — |+), |—) clicks of Dy, Dy, respectively
/2 50:50 — | +14), | —1i) clicks of Dy, Dy, respectively

* “no int.” means, there is no interferometer because one of the MZI arms is interrupted.

(a) I0) VRC 41D |+) VRCAID) | +i)
b) 100021 I-) I-i>
FBs I5) X~ FBs D 1 FBS f5)1+) FBS I5)+)

Figure 3.25: Scheme of the state analysis using fibre-based MZI (a) in three measurement
runs utilizing VRC and two detectors, (b) in four measurement runs utilizing FBS and
two detectors. VRC — variable ratio coupler, FBS — fixed balanced fibre beam splitter
(50:50), P — phase between the MZI arms, D — single photon detector.
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3.10.3 Brief introduction to quantum process tomography

Any quantum operation can be fully described by a completely positive (CP) map. Ac-
cording to the Choi-Jamiolkowski isomorphism, any CP map can be represented by a
positive-semidefinite operator x acting on the tensor product of input and output Hilbert
spaces Hi, and Hoyue, respectively [193,194]. The input state py, is transformed to output
state as: powt = TTin[X(pL @ Iout)] @ Combinations of different input states with mea-
surements on the output quantum system represent effective measurements performed on
Hin ® Hous- A proper selection of input states and final measurements makes possible to
reconstruct the Choi matrix x from the measured data. For the reconstruction, we use
maximum-likelihood (ML) estimation technique [125,191].

When we fully characterize the process by a quantum process tomography, we calcu-
late the Choi matrix x. Then we can determine the density matrix of the output state
Pout for any input state pi,. In our case both Hilbert spaces are two-dimensional, thus the
process matrix y is 4 x 4.

The Choi matrix of the ideal process Yxiq is obtained from the maximally entangled
Bell state |®+) = (|HH) + |VV))/v/2, when one of its parts is propagated through the
ideal transformation corresponding to the experimental setup. The ideal process is usu-
ally represented by unitary operation U. Then the ideal process matrix can be written

as: xia = |I) @ U|®T)(dT|UT @ (I .

e The process fidelity compares two quantum processes, real process described by
the reconstructed process matrix y and the ideal desired process described by xiq. The
process fidelity tells us how much these two processes are “similar”. It is given as:

Fro=Fxa, x) = % (3.53)

When Yxiq is not a “pure state” but both x and y;q are normalized, it is given as:

Fy = F(xid; X) = {Tr\/\/ﬁ X \/Er (3.54)

3.10.4 How to implement the data acquisition for the quantum
process tomography

For a process acting on a single qubit, we explain how the quantum process tomography
measurement can be realized experimentally. We experimentally prepare a set of six input
quantum states, typically {|/),[V),|D),[A), |R),|L)} or {|0),[1),[+),|=), | +8),[ — 1)}
depending on the qubit encoding. For each of these input states, we perform the same
set of measurements as we used in quantum state tomography described above. In total,
we perform 36 (6 input states * 6 output measurements) projective of measurements.
Further, we show how to prepare the input quantum state. We show how to encode the
qubit state into the carrier photon using polarization or spatial mode encoding.

22We trace over input Hilbert space. T denotes transposition and I denotes identity operation.
23+ denotes Hermitian conjugation.
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Qubit encoding into the polarization degree of freedom — first, we need a pho-
ton in defined polarization state. Therefore, the photon passes a linear polarizer (PBS),
and it is horizontally linearly polarized. Subsequently, an arbitrary state is encoded via
QWP and HWP. It is schematically described in the table bellow and shown in Fig.

|H) — QWP(0°) — HWP(0%) > |H)
|H) — QWP(0°) — HWP@45) — [V)
|H) — QWP(0°) — HWP(225°) — |D)
H) — QWP(0°) — HWP(-225°) — |A)
|H) — QWP@45°) — HWP(225°) — |R)
|H) — QWP(-45°) — HWP(22.5°) — |L)

8 oo

o g% qubit in

polarization
encoding

Figure 3.26: Scheme of a qubit state preparation in polarization encoding. PBS — polar-
izing beam splitter, QWP — quarter-wave plate, HWP — half-wave plate, H,, — horizontal
linear polarization state of light.

Qubit encoding into the spatial degrees of freedom using fibre-based compo-
nents can be realized via a balanced fibre beam splitter with fixed splitting ratio (FBS) and
phase modulator (PM) or via fibre beam splitter with variable splitting ratio (VRC) and
PM. The option utilizing VRC+PM enables us to prepare arbitrary state t|0) + e*¢r|1),
where ¢ € [0,27] and r,t denote set VRC amplitude reflectance and transmittance.

While the simpler option employing balanced FBS+PM enables us to prepare only
the equatorial states (|0) + ¢[1))/v/2, where r = t = 1/v/2. However, if we add an
attenuator with intensity transmittance A into appropriate port, we can prepare any
state (v.A|0)+¢*#[1))/v/ A+ 1. But non-equatorial states (0 < A < 1) have lower success
probability. It is schematically described in the table bellow and shown in Fig. [3.27]

(a) (c)
%}arbmary 50: 50 equatorial
1 PM q. state q. state
VRC

Figure 3.27: Scheme of a qubit state preparation in spatial encoding. Preparation of: (a)
arbitrary quantum state via VRC+PM, (b) equatorial state via FBS+PM, (c) arbitrary
quantum state via FBS+PM+A. VRC — fibre variable ratio coupler, FBS — fixed balanced
fibre beam splitter (50:50), PM — phase modulator, A — attenuation of the basis state.

A arbitrary
q. state
d PM

with different
norms
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R:T [%] phase* [rad] —  prepared states
50:50 0 > +)
50:50 -7 — |—)
50:50 /2 - | + 1)
50:50 /2 = | —4)
100:0 0 > 10)
0:100 0 = )
R:T [%] phase* [rad] A** — prepared states
50:50 0 0-11) — 0Y/+/2
50:50 0 0-10) — 1) /V/2

* Denotes phase encoded by PM placed at the port corresponding the basis state |1).

** Denotes the basis state attenuation. For example, 0-]1) means the basis state |1) is completely blocked.

During the experiment, it is sometimes convenient to change the form of qubit encod-
ing. Here, we show how to re-encode the quantum state of photonic qubit from
polarization degree of freedom into spatial one, or vice versa.

In our experiments, it is done by a PBS which is appropriately sets to separate the
polarization basis states. When the basis states are |H) and |V'), then the PBS spatially
separates horizontally and vertically polarized light into spatial modes |0) and |1), re-
spectively. It is schematically shown in Fig. [3.28] However, when the basis states are
|D),|A), then the PBS has to be rotated into their basis, or the basis states have to be
transformed by HWP(22.5°) into the basis of the PBS, |D) — |H) and |A) — |V'). Then
the PBS again spatially separates horizontally and vertically polarized light into spatial
modes |0) and |1), respectively. Subsequently, the linearly polarized light in the spatially
separated modes is usually coupled into the slow axis of polarization maintaining optical
fibres. Next, it can be led for instance to a fibre beam splitter (FBS) to interfere. Then the
quantum state tomography can be applied onto the state via the FBS as described above.

The qubit re-encoding from polarization into spatial degrees of freedom is shown in
Fig. 3.28. It works also in opposite direction and the spatially encoded qubit can be
transformed by this scheme into the polarization encoded one.

bit in
e - C path1 au .
qut?lt |r_1 PBS Vool spatl.al
polarization path0 encoding
encoding a|0)+B(1)
a|H)+BIV) C

Figure 3.28: Scheme of a qubit re-encoding from polarization degree of freedom into the
spatial one. PBS — polarizing beam splitter, C —coupling lens, black line — polarization
maintaining optical fibre, red line — free space light, see text for details.
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Chapter 4

Increasing efficiency of a
linear-optical quantum gate using
electronic feed-forward loop

This chapter is based on the following publication:

[1] Martina Mikovd, Helena Fikerovd, Ivo Straka, Michal Mi¢uda, Jaromir Fiurasek,
Miroslav Jezek, and Miloslav Dusek. Increasing efficiency of a linear-optical quantum gate
using electronic feed-forward. Physical Review A 85, 012305 (2012).

4.1 Basic idea

As already mentioned, the probabilistic programmable phase gate is proposed by Vidal,
Masanes, and Cirac [6]. The gate rotates a single-qubit state along the z-axis of the Bloch
sphere. In other words, the arbitrary input state «|0) + |1) is at the output of the gate
rotated in following way «|0) + €?|1). In the simplest case, the angle of rotation, the
phase shift ¢, is programmed into the state of a single qubit. Thus according to [6] the
overall gate success probability is limited by 50 %. Let us stress, that this programmable
quantum phase gate has no classical analogy. An exact specification of the angle of
rotation ¢ would require infinitely many classical bits.

For the first time, the gate was experimentally implemented in 2008 [7]. It was based
on linear optics using bulk elements. Its success probability reached only 25 %. Later
in 2012, we showed how to increase the success probability of the gate to its quantum
mechanical limit of 50 %EI by means of electronic feed forward loop [1].

I started to work on this experiment during my Master’s studies. I have finished it at
the beginning of my Ph.D. studies. Therefore particular details about the experimental
layout are described in my Master’s thesis [169]. Here we focus mainly on the full char-
acterization of the gate by means of quantum process tomography.

24The success probabilities discussed here do not include signal attenuation due to technological losses.
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4.2 Theory

Here I would like to stress, that the theoretical part of [1] is not my work. A part of the
theory directly related to the experiment is described below. For more details see also [6].

The programmable phase gate is a two-qubit gate, consisting of a data and a program
qubit. The gate can be experimentally implemented by the linear optical setup shown in
Fig. [4.1L The qubits are encoded into the states of single photons using spatial encoding.
It means, each qubit is represented by a single photon which may propagate into two
optical fibres. Basis states |0) and |1) correspond to the presence of the photon in the
first or the second fibre, respectively.

The gate performs a unitary evolution of the data qubit (D) which depends on the
state of the program qubit (P).

U(p) = 10)p(0] + 1) p(1]. (4.1)

The program qubit contains information about the phase shift ¢ encoded in following

way [¢)p = (|0)p +€¥[1)p)/V2.
Without loss of generality, we can consider only pure input states of the data qubit
i) p = al0)p + B]1)p, where|a|® +|8]* = 1. Then the initial state of the gate is:

V) p®|tin)p = (a]0)p@[0) p+B10) p® 1) p+ae®|1) p@|0) p+Be™?|1) p@ 1) p) / V2. (4.2)

The gate operation can be described as follows™] [0)p — |0)p, [1)p — [1)p, |1)p —
I1)p, |0)p — |0)p, modes corresponding to |1)p and |1)p are swapped. After passing
though the gate the overall state reads:

(al0)p @ [0)p + Bl0)p @ [1)p + ae?[1)p ® [0)p + Be’?|1)p @ [1)p)/ V2. (4.3)

If we consider only cases when a single photon emerges in each output port of the gate (it
corresponds to the coincidence measurement), the conditional two-photon output state
is:

(al0)p @ [0)p + Be|1)p @ [1)p)/V2, (4.4)

(the normalization reflects the fact that the probability of this situation is 1/2). We can
rewrite this state as:

[(]0)p + Be™[1)p)®|+)p + (a]0)p — Be**[1)p)@|=)p] /2, (4.5)

where |£)p = (|0)p £ |1)p)/V/2. If we realize a measurement on the program qubit in
the basis {|%)p}, then the output state of the data qubit collapses into one of the two
following states according to the result of the measurement:

|wouti>D = O“())D + ﬁ€i¢’1>D~ (46)

25 Notice, that each of these kets represents a single photon in one of four modes (fibres).

58
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If the measurement outcome is |[+)p, then the unitary transformation U(y) is applied
to the data qubit. If the outcome is |—)p, then U(p + m) is executed. Than the data-
qubit state acquire an extra m phase shift. The corrective phase shift of —7 is applied
via the food-forward loop PM. (However, in practice we apply a phase shift of 7 which is
equivalent.) Subsequently, the final output state of the data qubit reads:

[Yhout) 0 = @|0)p + € B[1) p. (4.7)

4.3 Experiment

Scheme of the experimental setup is shown in Fig. 4.1.

Photon pair: Pairs of photons are created by type-II collinear frequency-degenerate
spontaneous parametric down conversion (SPDC) in a two-millimetre long BBO crystal
pumped by a diode laser (Coherent Cube) at 405 nm [177,185] (it is not shown in the
figure, for details see Fig. 3.20 in Chapter 3, Methods and Tools). Photons of each pair are
separated by a polarizing beam splitter and coupled into single-mode fibres (780-HP). The
same polarization states are set on both photons via fibre polarization controllers (PCs).

o PM 0

Program
qubit

Photon
pair

State preparation Gate Output state analysis

Figure 4.1: Scheme of the experimental implementation of the programmable quantum
phase gate. FC — fibre coupler, VRC — variable ratio coupler, PM — phase modulator,
FF — electro-optical feed-forward loop, D — detector. Photo of the experimental setup is
shown at the end of this chapter in Fig

State preparation: By means of fibre beam splitters and phase modulators (PMs),
required input states of the program and data qubits are prepared. To prepare a program-
qubit state [1/)p = (|0)p + €¥|1)p)/v/2 the balanced beam splitter with fixed splitting
ratio 50:50 (FC) is used. An arbitrary state of the data qubit |,)p = «|0)p + B]1)p is
prepared via the variable ratio coupler (VRC). All employed PMs are based on the linear
electro-optic effect in lithium niobate. Their half-wave voltages are roughly 1.5 V. These
PMs exhibit relatively high dispersion. Therefore, one PM is placed in each interferometer
arm in order to compensate dispersion effects. The overall phase of a quantum state is
irrelevant. It is equivalent to apply either a phase shift ¢ to [1) or —p to |0).
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Gate: The gate itself consists of exchange of basis states of input qubits |1) p and |1)p
(swap of two rails) and of the auxiliary measurement on the data qubit (see Fig. 4.1). The
measurement in basis {|2)p} is accomplished by a fibre coupler with fixed splitting ratio
50:50 and two single-photon detectors. Detectors Dyy, Dgo, and Dg; belong to a quad
module SPCM-AQ4C (from PerkinElmer, with total efficiencies 50-60 %, dark counts
370-440 s7!, response time 33-40 ns). A single module SPCM AQR-14FC is used as
D,i. It serves for the feed-forward operation, because of its faster response time (from
PerkinElmer, total efficiency about 50 %, dark counts 180 s~!, response time 17 ns, the
output electric pulse FWHM = 30 ns, height approximately 2.5 V).

To implement the feed forward, the signal from detector D, is led to a passive voltage
divider, in order to change the voltage level to the half-wave voltage level (~1.5 V). Then
it is directly led to the PM to change the phase shift by 7. Coaxial cables are as short as
possible. The total delay is 33 ns, it includes a response time of the detector and feed-
forward loop setting. To compensate this delay, photon wave-packets representing data
qubits are retarded by additional fibre delay lines (6,6-m-long fibre in each interferometer
arm). The timing of the feed-forward electric pulse and the photon arrivals to the PM are
precisely tuned. The coherence time of photons created by our SPDC source is 2 2 ps.

Output state analysis: The right-most block in Fig. 4.1 enables us to measure the
data qubit at the output of the gate in an arbitrary basis. These measurements are nec-
essary for the gate performance evaluation.

The experimental setup is formed by two interconnected Mach-Zehnder interfer-
ometers (MZI). Total lengths of shorter MZI arms are ~10.5 m (the upper interferometer
in Fig. 4.1). The arms lengths of the longer MZI are ~21.5 m (the lower interferometer in
Fig. 4.1). To balance the arm lengths we use motorized air gaps with adjustable lengths.
In MZI arms equipped with PMs without integrated polarizers we use air gaps also for
placing bulk polarizers and wave plates. They select the proper polarization mode of
PMs. To obtain high interference visibilities, the polarization states at the end of both
interferometer arms must be the same. It is ensured by the PCs.

To reduce the effect of the phase drift caused by fluctuations of temperature and
temperature gradients, we apply both passive and active stabilization. The experimental
setup is covered by a shield minimizing air flux around components and both fibre delay-
lines are coiled on an aluminium cylinder which is thermally isolated. Besides, an active
stabilizationf? is performed after each three seconds of measurement. It is based on
intensity measurements for phase shifts 0 and /2. If necessary it calculates the phase
compensation and applies corresponding corrective voltage to the phase modulator. This
guarantees a precision of the phase setting during the measurement period better than
7/200. For the stabilization purposes, we use the probe laser diode at 810 nm. To ensure
the same spectral range, both the probe beam and SPDC generated photons pass through
the same band-pass interference filter (spectral FWHM 2 nm, Andover). During active
stabilization, the source is automatically switched from SPDC to the probe beam.

26This stabilization procedure is implemented into the MATLAB code by H. Fikerova.
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4.4 Measurement

To fully characterize the programmable quantum phase gate, we perform the quantum
process tomography as described in Chapter 3. To see the influence of the feed-forward
loop, we performed the process tomography for both disconnected loop and active loop.
We set various combinations of input states and output measurements. From the measured
data, we reconstruct the process matrix .

For a fixed state of the program qubit, we used six different input states of the data
qubit, namely [0),]1),]£) = (|0} & [1))/+v/2, and | £ i) = (|0) £ i[1))/v/2. For each
of these input states, the output state of the data qubit is measured in three different
measurement basis, {|0), |1)}, {|£)}, and {| £¢)}. Each time we simultaneously measure
two-photon coincidence count rates between detectors D,y & Dgg, Dyo & Dai, Dp1 & Do,
D,1 & Dy in 12 three-second intervals. Unequal detector efficiencies are compensated
by proper rescaling of measured coincidence counts. This procedure is repeated for 7
phase shifts encoded into the program qubit, ¢ € {0,7/6,7/3,7/2,72/3,75/6,7} =
{0°,30°,60°,90°,120°,150°,180°}. Tt is schematically shown in Fig m

Program qubit ¢ €{0°,30°, 60°,90°, 120°, 150°, 180°}
[Y/)e=10)+e%11),

Ddo
1.10),
2.11), PMj D
3.1+) VRC
4.
2: % | IN - Data qubit OUT - Data qubit

|win)D= a’|0>p+ﬁl 1 )D

Figure 4.2: Block scheme of the tomographic measurement of the programmable phase
gate with the feed-forward loop. FC — fibre coupler, VRC — variable ratio coupler, PM —
phase modulator, FF — electro-optical feed-forward loop, D — detector.

4.5 Results

From the measured data, we reconstruct Choi matrices x describing the function of the
gate for several different phase shifts ¢. We utilize the maximum likelihood estimation
technique [125,191]. In the upper part of Fig. there are examples of reconstructed Choi
matrices of the programmable phase gate for ¢ = 0, ¢ = 7/2 and ¢ = , respectively.
For comparison, in the lower part of Fig. 4.3, there are examples of ideal Choi matrices
of the gate for the same phases ¢ of the program qubit.
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Figure 4.3: Choi matrices of the gate with active feed-forward loop. Upper pink part
— reconstructed process matrices, they real (imaginary) parts are displayed in the first
(second) row. Lower gray part — ideal process matrices, they real (imaginary) parts are
displayed in the third (fourth) row. The left, middle and right columns display process
matrices for ¢ = 0, ¢ = 7/2 and ¢ = 7 encoded into the program qubit, respectively.
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To quantify the quality of gate operation we calculate the process fidelity. If yiq is
a one-dimensional projector, then the common definition of the process fidelity is

Fro = Tr[xxial /(Tr[x] Tr[xia))- (4.8)

Here, xiq represents the ideal transformation of our gate. In particular,

xa= Y )il e U, (4.9)

,7=0,1

where U is the unitary operation applied by the gate.

We have also reconstructed density matrices of data qubit output states corresponding
to all input states. We calculate their fidelities and purities. The fidelity of output state
Pout is defined as F = (Vout|pout |VYout), Where |tou) = Ulthin) with |¢y,) being the (pure)
input state and pou; = Trin[X (L @ Lou)] @ The purity of the output state is given as
P = Tr[p?,.]. If the input state is pure, the output state is expected to be pure as well.

The left part of the Table shows process fidelities for seven different phase shifts
with active feed-forward loop. It also shows the average and minimal values of output
state fidelities and average and minimal purities of output states. Fidelities and purities
are averaged over six output states corresponding to six input states described above.
Also minimum values are related to these sets of states. Statistical errors are estimated
to be lower than 0.005 for process fidelities and lower than 0.01 for output-state fidelities
and purities. Deviations of the experimental values from the ideal ones are mainly due
to imperfections in splitting-ratio settings, phase fluctuations, polarization misalignment,
and partial distinguishability of the photons in a pair.

To evaluate how the feed-forward affects the performance of the gate, we have also
calculated process fidelities, output state fidelities and output state purities for the cases
when the feed-forward is not active. It means, that we select only the situations when
detector D, (corresponding to |+) p) clicked and no corrective action is needed (like in Ref.
[7]). Coincidences are measured between detectors D,y & Dy and D,y & Dy only. The
total coincidence rate (44 coincidences per second in average) is half in comparison with
the sum of all conclusive-result rates in the case with active feed-forward (88 coincidences
per second in average). Values of fidelities and purities are displayed in the right part of
the Table 4.1. One can see that there is no substantial difference between the operation
with feed-forward (success probability 50 %) and without feed-forward (success probability
25%). In particular, the process fidelity in the case with feed forward, averaged over all
7 phases, F;Vith = 0.976 + 0.003 and the average process fidelity in the case without feed-
forward fyithout = 0.979 4+ 0.005. The process fidelity remains unchanged and moreover
the gate success probability is doubled by the feed-forward loop.

2TThe input state is pin = |[¥in)(¥in|- Trin is trace over input Hilbert space. T denotes transposition of
matrix and I denotes identity operation.
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WITH feed-forward, psuee = 50% || WITHOUT feed-forward, psuee = 25 %
¥ Fy Fav Finin Py Prmin Fy Fav Fmin Py Phmin
0 0.976 0.985 0.970 0.974 0.947 || 0.977 0.985 0.973 0.975 0.953

7/6 | 0.977 0.986 0.972 0.975 0.951 | 0.975 0.985 0.972 0.973 0.949

7/3 | 0.977 0.985 0.970 0.975 0.943 || 0.988 0.989 0.971 0.980 0.946

7/2 | 0.974 0.983 0.973 0.975 0.953 || 0.979 0.986 0.976 0.976 0.957

27/3 | 0.978 0.987 0.962 0.988 0.961 || 0.981 0.989 0.966 0.982 0.935

57/6 | 0.972 0.981 0.953 0.974 0.944 || 0.974 0.984 0.961 0.976 0.947
T 0.980 0.987 0.975 0977 0.961 || 0.979 0.986 0.977 0.978 0.960

Table 4.1: Process fidelities (F, ), average (F,,) and minimal (Fy, ) output-state fidelities,
average (P,y) and minimal (Pp,) output-state purities for different phases (¢). The left
part of the table shows the results with feed forward (psue = 50 %), while the right part
of the table shows the results without feed forward (psuce = 25 %).
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W0 \

Figure 4.4: Photo of the experimental layout of the programmable quantum phase gate.
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Chapter 5

Carrying qubits with particles whose
noninformational degrees of freedom
are nonfactorable

This chapter is based on the following publication:

[2] Martina Mikovd, Helena Fikerovd, Ivo Straka, Michal Micuda, Miroslav Jezek,
Miloslav Dusek, and Radim Filip. Carrying qubits with particles whose noninformational
degrees of freedom are nonfactorable. Physical Review A 87, 042327 (2013).

5.1 Basic idea

Here we experimentally investigate directly measurable parameter, D, quantifying effec-
tive indistinguishability of particles. This new measure can be used for an arbitrary
quantum state of particles, in contrast to the commonly used overlap of quantum states,
which is defined only for factorable states, for details see [2]. To show how distinguisha-
bility of particles used as information carriers affects quantum information processing we
design a relatively simple linear-optical quantum-state-transfer protocol. It depends only
on indistinguishability of particles, so we can exclude influence of other imperfections of
resources. We consider the transfer of a state of a source qubit (S) to a target qubit (7).
The qubits are represented by single-photons. The transfer is performed by a partial ex-
change of photons, optimal measurement on S, and conditional feed-forward correction on
T. We show that fidelity of the transferred state depends directly on D. The parameter
D not only quantifies the effective indistinguishability of particles but also determines an
upper bound of quantum state transfer quality. We show that particles can serve as good
carriers of qubits even if their internal degrees of freedom are entangled.

The suggested experimental layout follows the setup employed in previous publica-
tion [1]. This work [2], focused on the effective indistinguishability of particles quantifying
by the measurable parameter, is also summarized by my colleague Helena in her Master’s
thesis [178].
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5.2 Theory

Here we show only a few parts of theoretical results of [2], which are directly related to
the experiment. The theory is work of my colleagues.

Let us have two particles, source S and target T', carrying the same qubit states
(only certain degrees of freedom are used for encoding qubit states). Subsequently, let
pe.st denotes the state, not necessarily separable, of all other (inaccessible) degrees of
freedom. Internal environmental E degrees of freedom can even be entangled with ex-
ternal environment. Clearly, these environmental degrees of freedom are responsible for
distinguishability of particles. The theory of quantum information processing requires all
resources to be in the same states which are decoupled from each other, in our notation
pE.sT = PE.s® per (their total state must be factorable) and pg s = pgr (environmental
states of two spatially separated particles are indistinguishable). But these strict condi-
tions are not always fulfilled in practice.

Let us define a measure |D| quantifying a level of the effective indistinguishability of
particles carrying qubits as a mean value of a flip operator:

D ="Tr [F pE,ST} ’ (5.1)

where F' is the flip operator acting on the joint environment of both particles, which ex-
change their basis states. The flip operator has two eigenvalues +1, thus —1 < Tr[Fp] < 1,
subsequently 0 <|D| < 1.

To demonstrate the relevance of effective indistinguishability |D|, we have proposed
and experimentally tested the simplest example of a quantum information transfer, where
|D| directly determines the quantum fidelity of the transferred state. It manifests a clear
operational meaning of the above defined effective indistinguishability.

We consider only equatorial states of the source qubit S
0)s = (10)s + €[1)s)/V2, (5.2)

where phase ¢ may be unknown during the transfer. This state should be transferred to
target qubit T represented by another single photon, which is in state

(@) = (|0)r + 1))/ V2 (5.3)

at the beginning. In our case, basis states |0) and |1) correspond to the presence of
the photon in the first or the second fibre, respectively. All other degrees of freedom,
all physical differences between the particles, are described by a density matrix of the
environmental state pg sp. So the overall initial state reads:

Pini = | V) s(¥| @ |P)1r(P| ® pp.sr- (5.4)
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To avoid, an imperfect interaction between qubits (which can also limit the quality of
the transfer) we consider implementation without any direct interaction. The transfer of
the quantum state is performed by a partial exchange of the photons. Thus we swap two
rails between S and T see Fig. and it swaps some of basis states. Then the optimal
measurement on qubit S is performed, in the basis {|4) s}, where |£)s = (|0)s£[1)s)/V2.
It is followed by conditional feed-forward correction on 7', which corrects the phase shift
of 7 (similarly like in previous Chapter 4). So we obtain the same output states of the
target qubit for both outcomes |4)g or |—)g of the measurement on the source qubit.

The resulting output state of the target qubit is:

1+D 1—-D
pr = T‘\P>S<\D‘+T“I}J—>S<\PL|7 (5.5)

where [U1)g = (|0)s — €*|1)5)/v/2 is the orthogonal complement to |¥),. The output
state pr (b.5]) corresponds to the original qubit state, |¥)g, disturbed by decoherence,
with its off-diagonal elements (in the computation basis) reduced by factor D.

In the case when |D| = 1, resources behave in the same way as if they are factorable
even if they actually are not. It means, they can be used for encoding of qubits even if
some of their degrees of freedom are e.g. entangled. Thus the output target qubit is the
same state as the source qubit.

O)r = (|0)7 + €%[1)7)/V2 = |U)s. (5.6)

The transfer protocol is schematically shown in Fig. [5.1}

Source qubit |:> |0} + |1} Source qubit
|T)S = [0) + e'?[1) qubit |0) —[1)

state _
transfer Target qubit

Target qubit |®)t for |D|=1
|®)r =10) +|1) : feed-forward P for |D|#1

Figure 5.1: Scheme of the qubit state transfer protocol (without states normalizations).
It point out to different results in dependence on the parameter D.

Experimental quantum information processing and transfer often use photonic qubits
[10,/195] encoded into photons generated by spontaneous parametric down-conversion
(SPDC). These photons represent a typical example of qubit carriers with internal de-
grees of freedom which may exhibit complex behaviour [196,/197]. The information is
usually encoded into polarization or spatial degrees of freedom but frequency degrees of
freedom are entangled. Thus parameter |D| quantifies effective indistinguishability of re-
sources for quantum information processing.
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It can be shown by calculations [2] that the measured coincidence rate is:
R(At) x1—D (5.7)

The parameter D is obtained as:

D=1- Ry, (5.8)

where R, is normalized coincidence rate with respect to coincidence rate R, measured
far from the HOM dip position, where the particles are completely distinguishable,

R = R(At>/ROut- (59)

In this experiment qubits are encoded into spatial modes. Thus the role of the “envi-
ronment” is played by frequency degrees of freedom. Parameter D can be really measured
only by means of a beam splitter and coincidence detection. It can be varied by changing
delay At between the two photons. Its negative values correspond to partially entangled
states containing vectors from anti-symmetric subspace.

If generated photons have a frequency spectrum with rectangular shape, with FWHM=v
and central frequency wy/2 then D = sinc(Atv).

5.3 Experiment

Our setup is depicted in Fig. 5.2. Photon pairs are created by collinear frequency-
degenerate type-II SPDC in a BBO crystal pumped at 405 nm. Both photons pass through
the same band-pass interference filter of approrimately rectangular shape with central
frequency 810 m and spectral width (FWHM) 2.7 nm. Then they are separated by a po-
larizing beam splitter and coupled into single-mode fibres. One of the photons is retarded
by At in a delay line (DL) with adjustable length. By means of polarization controllers
both photons are set to have the same polarization states. Qubit states are encoded into
spatial modes of individual photons. Each basis state corresponds to a single photon in
one, |0), or in another, |1), of two optical fibres. Initial equatorial states of both qubits
are prepared using fibre couplers (FC and VRC) with splitting ratio 50:50 and integrated
electro-optical phase modulators (PMs). The source qubit is in the “unknown” equatorial
state and the target qubit is in initial state (5.3)).

The key part of our device is the swap of two rails between source qubits and target
qubit followed by measurement on the source qubit. This measurement is performed in
basis (|0) £ |1))/v/2 using a FC with fixed splitting ratio 50:50 and two single photon
detectors. When detector D,; clicks, phase correction 7 is applied on the target qubit by
means of feed-forward loop. The feed-forward uses a direct electric signal from detector
D.;. The electric signal is modified by a passive voltage divider to circa 1.5V and then
it is led to the PM (1.5V corresponds to the phase shift of 7). Output states of target
qubit are characterized by quantum tomography. Different measurement bases are set by
a PM and VRC, as described in Chapter 3, Methods and Tools. Photons are counted by
detectors Dgg and Dgq;. Small differences in detector efficiencies are corrected numerically
in data sets.
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The whole experimental setup consists of two interconnected Mach-Zehnder interfer-
ometers. Lengths of their arms are balanced by motorized air gaps (not shown in the
figure). To reduce a phase drift caused by environmental influences, like air convection
and temperature fluctuations, the whole setup is covered and actively stabilized. After
each 3 s period of measurement the phase drifts are determined and compensated by
adding a proper correcting voltage on the PMs. The HOM dip [129], which we use for
characterization of input photons properties, is measured at the output VRC.

o PM 0

Source
qubit

Photon
pair

State preparation Qubit transfer Output state analysis

Figure 5.2: Scheme of the experiment implementation of the qubit state transfer proto-
col. DL — delay line, FC — fibre couplers, VRC — variable ratio couplers, PM — phase
modulators, FF — feed-forward loop, D — detectors. The couplers and PMs in the State
preparation stage enable us to prepare required qubit states (each qubit is represented by
a single photon which may propagate in two optical fibres). In Qubit transfer stage, the
two rails are swapped and the auxiliary measurement on the source qubit is performed.
The middle PM applies conditional phase shift depending on the measurement result.
The PM is a part of the feed-forward loop and also the part of the protocol. Output state
analysis stage consists of PM and VRC, which serve for output state tomography.

5.4 Measurements

The target qubit is prepared in state (5.3) and the source qubit is prepared in state (5.2)
with phase ¢ = 0°,30°,60°,90°,120°, 150°,180°, in sequence. On the output we perform
measurement on the target qubit in three different bases: {|0),[1)}, {(|0) % |1))/v/2}, and
{(]0) £4|1))/v/2}, for each setting of input states. Each measurement consists of 15 three-
second measurement intervals interlaced by active stabilization. During the measurement,
the coincidences between detectors D,g & Dyo, Dao & Dyi, Du1 & Dyo, and Dg; & Dy are
accumulated.

Each such measurement set is repeated 16 times with different delays At between the
input photons. It corresponds to 16 different positions in HOM dip. The measurement is
depicted in block scheme in Fig. [5.3]

71



CHAPTER 5

To evaluate the parameter D, we measure the coincidence rate R(At) between de-
tectors Dgg & Dy1, in each of these 16 positions in the HOM dip. Once, we measure
separately this coincidences in position far from the dip to obtain Ry;.

Source qubit ¢ €{0°, 30°, 60°, 90°, 120°, 150°, 180°}
[P)s=10)s+€¥|1)g
At - delay
between
photons

1. {I0}, 1)}
2. {1+).1-)}
3. {l

+ily|-i),}
&Y_J

v

16 positions

1 Ddo

PMg
VRC VRC Dad1
IN - Target qubit OUT - Target qubit

fixed: |®),=]0)+[1),
Figure 5.3: Block scheme of the final measurement of the qubit state transfer protocol.

FC — fire coupler, VRC — variable ratio coupler, PM — phase modulator, FF — electro-
optical feed-forward loop, D — detector, DL — delay line.

5.5 Results

The measured results are used to reconstruct output density matrices, pi°,

by means
of maximum-likelihood quantum tomography [124,125,191]. Reconstruction of density
matrices enable us to calculate various quantities including purity and overlap with cor-
responding input states.

For each position in HOM dip, corresponding to certain delay At, we evaluate pa-
rameter D = 1 — Ryo. Ry is the normalized coincidence rate R(At) between detectors
Dgo & Dy with respect to the coincidence rate measured far from the dip, Ry It is
obtained as Ry = R(At)/Rous-

Negative values of D correspond to the positions in the raised “shoulders” of the HOM
dip, as it is shown in the inset in the bottom right corner in Fig. |5.4. They reveal that
“environments” of our photons are entangled. The values of (¥|g pr|¥)s lower than 0.5
mean that roles of states |¥)g and |¥1)g are swapped (see Eq. 5.5).
14D

D and eigenvalues of pr are =5~ and

see Eq. (5.5). Fig. 5.4 shows the overlap and the maximal eigenvalue as functions

According to the theory, overlap (V|g pr|¥)s = H

17
2 )
of parameter D. Each point represents an average over all seven phases ¢. Vertical error

bars visualize standard deviations obtained from ensembles of measurements with different
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phases. Due to various experimental imperfections (phase fluctuations, drift of splitting
ratios, etc.) they are greater than standard deviations calculated purely from Poissonian
photo-count distribution. But on the graph they are mostly smaller than the size of sym-
bols. Horizontal error bars reflect (Poissonian) statistical fluctuations of coincidence rates
R(At) and Roy. Average output state fidelity, [Tr(\/\/prpEy/pr))?, (averaged over all
phases and all delays) was 99.2 + 0.8 %. The measured HOM dip is shown in the lower
right inset of Fig. 5.4. Relative measurement error is less than 6 % in its minimum and
less than 2 % for maximal values. Dip visibility is 96.4 4 0.4 %.

1.0r0.55

0'9’0.50

HOM dip At [ps]
-1 0 1

! 1 T T T 1

0.8}

0.7

0.6

<\I"SPT|‘I’>Sa maxeig(py)

0.5

0.0k 3
-0.100 0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.9 1.0
D =Tr[Fpg g7 =1-R

rel

Figure 5.4: Dependence of the quality of qubit-state transfer on the parameter D. Red
circles denote the overlap of output and input states, (V|g pr [¥)4. Blue squares denote
maximal eigenvalues of output states pr. Straight lines are theoretical predictions. The
upper left inset magnifies the area where D is close to zero. The lower right inset shows
the measured Hong-Ou-Mandel dip, R, denotes relative (normalized) coincidence rate S|

28This graph is originally plotted by M. Dusek.
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Chapter 6

Experimental implementation of
perfect quantum reading of beam
splitters

This chapter is based on the following publication:

[3] Michele Dall’Arno, Alessandro Bisio, Giacomo Mauro D’Ariano, Martina Mikova,
Miroslav Jezek, and Miloslav Dusek. Ezperimental implementation of unambiguous quan-
tum reading. Physical Review A 85, 012308 (2012).

6.1 Basic idea

The next experiment implements unambiguous reading of optical memories using the
smallest possible amount of energy. The information is stored as a reflectivity of the
memory cell. The experimentalist challenge is to built theoretically suggested device [3]
which can perfectly and unambiguously distinguish two different memory records.

In the experiment, the memory cell is represented by a beam splitter. Two different
reflectivities of the beam splitter determine two memory records represented by two de-
vices, I and U. Our aim is to discriminate between these two devices. It corresponds to
reading of the memory record.

During the measurement process, a superposition of a single photon and vacuum enters
the unknown device (I or U). Thus the unknown device is in average exposed just to
the fraction of single-photon energy. The experimental results confirm the feasibility of
quantum reading.
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6.2 Theory related to the experimental setup

The comprehensive theoretical background of ambiguous, unambiguous, and perfect quan-
tum reading is described in [3]. The theoretical part of this paper is work of our Italian
colleagues. Here we show only a part of the theory, directly related to our experiment.

One can be interested in discrimination between two unitary operations described by
unitary matrices U; and Us,, where U; # Us,. These matrices can be written as U; = WTTW
and Uy = WTUW , where I represents identity operation and W is a unitary matrix. Thus
discrimination between two general operations U; and Us is unitary-equivalent to discrim-
ination between [ and U. The special case of such unitary operation U is the action of
a beam splitter. Reflectivity of such beam splitter may convincingly represent an optical
memory record.

Let us call our two devices I and U according to the performed unitary operations.
Our aim is to discriminate between these two devices.

Device U is depicted in scheme . It is realized by a beam splitter V', with re-
flectivity Ry, and phase shifters acting on each input and output mode. But, in our
experimental realization, two — /2 phase shifters on mode 1 are irrelevant and they can
be discarded. It is because the input mode 1 acts on a vacuum state and the output
mode 1 is immediately followed by a photo-detector. Without loss of generality, we can
also apply a cumulative phase shift of 7 on input mode 2 in front of beam splitter V. So
we can redefine device U as follows:

1
e s 1 -
2 |U| =4 14 - 2 V| - (6.1)
—_— r/2 w2 —

Device I makes the identity operation. It is represented by a beam splitter with unit
reflectivity without any additional phase shifts:

1 1

2 I — 9 . (6.2)

The theoretical scheme for perfect quantum reading is experimentally feasible with
present quantum optical technology. The general setup consists of an MZI with beam
splitters B and Bf, acting on modes 2 and 3, see scheme . An additional beam
splitter, representing the unknown device, is inserted in the MZI arm corresponding to
mode 2. During the measurement procedure the unknown device is randomly chosen
from the set {I,U} with equal prior probabilities. The optimal strategy for quantum
reading i.e., the optimal discrimination between these two devices (beam splitters with
different reflectivities) is described by the following scheme where 11y, I and I1; denote
photo-counters:
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BEAM-SPLITTERS
1
0] )
5 LU
O+ H ) (6.3)
5 | B Bl
@]

In our experimental setup, the unknown device is realized by a fibre beam splitter
with a variable splitting ratio, VRC-mid. The device U is represented by Ry # 1 plus a
cumulative phase of .

To provide optimal discrimination the reflectivity and transmissivity of beam splitters

Ry o1
1+VRy Pl Ry

The optimal measurement for perfect discrimination is implemented by three photocoun-

B must be given as:

Rp (6.4)

ters Iy, Ilys, and II;. The conditional probabilities px|y of photon detection by the
detector Iy (X = U,U’,I) given that the unknown device is Y (Y = U, I) read:

puw =1 —+/Ry, puriw = V Ry, prr =1, (6.5)

priv = puir = purir =0

Detecting a photon by the detector Il or Il implies that the unknown device is U.
While a photon detection by the detector II; implies that the unknown device is I.

6.3 Experiment & Measurement

To demonstrate experimental feasibility of quantum reading we have built a laboratory
setup, shown in Fig. [6.1] for perfect discrimination of two beam splitters according to
scheme (6.3). It consists of a Mach-Zehnder interferometer (MZI) with an additional
beam splitter VRC-mid in its upper arm. The beam splitter has a variable splitting ratio
and it serves as the unknown device which has to be discriminated.

We use a heralded single photon source based on spontaneous parametric down con-
version (SPDC). Namely, we employ a collinear frequency-degenerate SPDC process with
type-1I phase matching in a 2 mm-long BBO crystal pumped by a cw laser diode (Coherent
Cube) at 405 nm. In this process pairs of photons at 810 nm are created. Photons from
each pair are separated by a polarizing beam splitter and coupled into single-mode optical
fibres. One of them is led directly to a trigger single-photon detector Dy (PerkinElmer
SPCM AQR-14FC) which heralds the creation of a pair. The second photon enters MZI
through a variable ratio coupler VRC-in.
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INTERFEROMETER MEASUREMENT
o VRC-mid ~ Dvu
L/
Cu
Vacuum
VRC-out Dv
Cu
D,
________ 1
Photon Ci i
i I
pair TRIGGER ~ Dr i
@ L/ &--0—0

Figure 6.1: Scheme of the experimental implementation of perfect quantum reading. VRC
— variable ratio coupler, PM — phase modulator, D — detector, C — coincidence rate.

An additional variable ratio coupler, VRC-mid, represents the unknown device. When
its reflectivity equals one, Ry = 1, it corresponds to device I. To switch to device U one
has to set a required splitting ratio, Ry # 1, and apply additional phase shift of m,
see scheme (6.1). In the experiment phase shifts are introduced by electro-optical phase
modulators (PMs). Their half-wave voltages are ~1.5 V. These phase modulators exhibit
relatively high dispersion. Therefore one PM is placed in each interferometer arm in
order to compensate dispersion effects. In case of a device U we use the PM in the upper
interferometer arm to apply the additional phase shift of 7.

Output fibres from the interferometer and from the unknown device are connected to
single-photon detectors Dy, Dy, and Dy. These detectors are parts of Perkin-Elmer quad

module SPCM-AQ4C.

To reduce the effect of the phase drift caused by air convection, fluctuations of tem-
perature, and temperature gradients, we apply both passive and active stabilization. The
experimental setup is covered by a shield minimizing air flux around the components.
Besides, after each three seconds of measurement an active phase stabilization of MZI is
performed. The stabilization procedure@ measures intensity for a phase shift of /2 and
if necessary it calculates phase compensation and applies corrective voltage to the phase
modulator in the lower interferometer arm. These results are in the precision of the phase
setting during the measurement period better than 7/200.

For each pair of devices U and I the proper splitting ratio of fibre couplers VRC-in
and VRC-out must be set to discriminate these devices optimally. Thus the MZI beam
splitters B, VRC-in and VRC-out, are set for relevant Ry according to Eq. . We per-
form measurement for 11 different devices U with intensity reflectivities 0,0.1,0.2, ..., 1.
For each pair of devices U and I the counts at detectors Dy, Dy, and D; are cumulated

29The stabilization procedure employed in this experiment is implemented into the MATLAB code by
H. Fikerova, within her Bachelor’s [174] and Master’s [178] thesis.
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during 30 three-second measurement intervals interlaced by stabilization procedures. All
measurements are done in coincidence with the trigger detector Dp. It means we mea-
sure coincidence counts Cy, Cyr, Ct between detectors Dy & Dy, Dy & Dy, and Dy & Dy,
respectively, using 3 ns coincidence time window. These results are normalized to obtain
relative frequencies, f; = C;/(Cy + Cyr + Ct), where j = U,U’,I. Because, relative
frequencies can be directly compared with theoretical probabilities of photon detection.

6.4 Results

The final experimental results provided for the perfect quantum reading of devices U and [
are depicted below. Measured relative frequencies and theoretical probabilities are listed
in Table [6.1] and shown in Figure [6.2 The left parts of the table 6.1 and Fig. 6.2
summarize the results for devices U, while the right parts of the table 6.1 and Fig. 6.2
show the results obtained with device I inserted. Each row in the table corresponds to one
pair of U and I with Ry being the reflectivity of a device U. It corresponds to different
MZI settings and alignments.

One can observe very good agreement between the theory and the experiment. Small
discrepancies appear mainly due to imperfections in splitting-ratio settings, phase fluc-
tuations, and polarization misalignment. In coincidence measurements the contribution
of detector noise is completely negligible and error bars are smaller than symbols in the
figure 6.2.

The advantage of the implemented setup is that in an ideal case there is one photon in
the output ports. It makes detection relatively easy. Nevertheless, it is still a superposition
of a single photon and vacuum what is entering the unknown device. So the unknown
device is exposed just to a fraction of energy of a single photon in average. Even if the
overall success probability of the setup is relatively low because of technological losses, we
were able to measure precisely the relative probabilities of all outputs and our experiment
convincingly validate the theoretical predictions.
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Figure 6.2: Results for devices U and I are shown in left and right graph, respectively.
Detection probabilities and measured relative frequencies are plotted as a functions of the
reflectivity Ry of VRC-mid. Where different reflectivities Ry of VRC-mid correspond to
different devices U and to appropriate settings of MZI. E

device U device I

theory experiment theory experiment

Ry ‘ buviv  Puywu Pru fU\U fU’|U fI\U Pu|r Pu'\1 P11 fU\I fU’|I flu
0.0 || 1.000 0.000 0098 0.000 0.014 0 0 1 |0.000 0.002 0.998
0.1 | 0.684 0.316 0.680 0.295 0.025 0.000 0.012 0.988
0.2 || 0.553 0.447 0.551 0.440 0.009 0.000 0.018 0.982
0.3 || 0.452 0.548 0.455 0.542 0.003 0.000 0.012 0.988
0.4 | 0.368 0.633 0.369 0.623 0.008 0.000 0.023 0.977
0.5 | 0.293 0.707 0.288 0.691 0.021 0.000 0.022 0.978
0.6 || 0.225 0.775 0.219 0.758 0.022 0.000 0.014 0.986
0.7 || 0.163 0.837 0.160 0.830 0.010 0.000 0.011 0.989
0.8 || 0.106 0.894 0.100 0.891 0.009 0.000 0.013 0.987
0.9 || 0.0561 0.949 0.046 0.946 0.007 0.000 0.018 0.982
1.0 || 0.000 1.000 0.000 0.980 0.020 0.000 0.021 0.979

O O DO DO DO OO o oo
SO OO OO OO oo oo
O O DO DD OO OO o oo
I T T T e S e S e g

Table 6.1: Results for devices U and I are summarized in left and right part of the table,
respectively. Ry — reflectivity of VRC-mid in device U. Device U inserted in the MZI:
pulv, Puru, Priv — theoretical probabilities of photon detection at detectors Dy, Dy, Dy,
respectively, fuju, furu, frv — relative frequencies measured at detectors Dy, Dy, Dy,
respectively (measured in coincidence with D7). Device [ inserted inside the MZI:
pu|r, o, Prjr — theoretical probabilities of photon detection at detectors Dy, Dy, Dy,
respectively, fur, furr, f1j1 — relative frequencies measured at detectors Dy, Dy, Dy, re-
spectively (measured in coincidence with Dy).

39These graphs were originally plotted by M. Dusek.
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Chapter 7

Optimal entanglement-assisted
discrimination of quantum
measurements

This chapter is based on the following publication:

[4] Martina Mikova, Michal Sedldk, Ivo Straka, Michal Mic¢uda, Mério Ziman, Mi-
roslav Jezek, Miloslav Dusek, and Jaromir Fiurasek. Optimal entanglement-assisted dis-
crimination of quantum measurements. Physical Review A 90, 022317 (2014).

7.1 Basic idea

In this chapter we experimentally investigate optimal discrimination between two pro-
jective single-qubit measurements M and N in a scenario where the measurement can
be performed only once [4]. We consider general discrimination strategiesEr] involving a
certain fraction of inconclusive outcomes, P;. It is shown that the optimal discrimination
procedure requires entangled probe state for any nonzero rate of inconclusive outcomes
P; > 0. Due to various experimental imperfections, it is necessary to include also addi-
tional erroneous conclusive results. Therefore we consider general discrimination scheme
where we maximize success probability Pg, hence minimize Pg, for a fixed fraction of Pr;
Ps + P+ Pp = 1. We experimentally implement this optimal discrimination strategy
for projective measurements on polarization states of single photons. Our setup is based
on linear optics, polarization maintaining fibre interferometers, and single-photon detec-
tors. The setup involves the real-time electro-optical feed-forward loop which allows us to
fully harness the benefits of entanglement in discrimination of quantum measurements.
The experimental data unequivocally confirm the advantage of entanglement-based dis-
crimination strategy as compared to our benchmark, provide by optimal discrimination
schemes using single-qubit probes without any entanglement.

31'Where inconclusive results P; and conclusive erroneous results Pg are in general nonzero.
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7.2 Theory

The theory in [4] is a work of my colleagues. Therefore, below is described only the part
of the theory directly related to the experiment. For more details regarding for example
the protocol optimality, please see the paper.

Optimal entanglement-assisted discrimination

The measurement bases M and N are illustrated in Fig. H(a). Without loss of generality,
the projectors specifying the measurements can be parametrized by a single angle 6,

My = ’¢><¢|> M, = |¢L><¢L|,

No— oMol M= [6h)w] 1)

where |#) = cos0]0) +sind|1),  |p) =sinf|0) — cosd|1),

. . (7.2)
[¥) = cos0]0) —sind|1),  |¢pT) = sind|0) + cosO|1),

and 0 < ¢ < 7. The most general discrimination strategy is depicted in Fig. 7.1(b). A two-
qubit entangled state |W);y is employed. The measurement that should be identified is
performed on qubit I, and the measurement outcome (0 or 1) specifies which measurement
is then performed on qubit II.

In what follows, we assume equal a-priori probabilities of these two measurements. In
such a case, as it is shown in [4], it is optimal to employ a maximally entangled singlet
Bell state |[I~) = (|01) — [10))/v/2. If we observe measurement outcome 0 on qubit I,
then qubit II is prepared in state [¢1) or [¢)1). Similarly, outcome 1 heralds that qubit II
is prepared in state |¢) or |¢). Since

|¢> = _UY|¢L>’ WJ) = UY|¢J_>7 (73)

we can apply the unitary operation oy = |0)(1] —|1)(0] to qubit II when the measurement
outcome on qubit I reads 0. Thus in this way the discrimination task of two quantum
measurements is converted to discrimination of two fixed non-orthogonal quantum states

) and |¢)).

1==a.
. ~

@ N, |0> M, (b) M/N

M, 1) N, =

Figure 7.1: (a) Single-qubit measurements M and N on a Bloch sphere. (b) General
measurement discrimination scheme involving entangled probe state. (c¢) Simple discrim-
ination scheme with single-qubit probe.

32These schemes were originally plotted by M. Sedldk.
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As shown by Ivanovic, Dieks, and Peres (IDP) [76-78], perfect error-free (Pg = 0)
discrimination between |¢) and [¢)) is possible if we allow for a certain probability of
inconclusive outcomes P; = |(10|¢)|. Explicitly, we have

Pp = P8 — ¢o5(26). (7.4)

Unambiguous discrimination requires a generalized 3-component POVM which can be
interpreted as a quantum filtering followed by a projective measurement on the filtered
state. The required filter has the form F = tan#|0)(0] + |1)(1| and the filtered states
become orthogonal, F|¢) = v/2sin|+), and F|¢) = v/2sinf|—), where |£) = (|0) &
11))/v/2. The square of the norm of the filtered states is equal to the success probability
of unambiguous discrimination,

Py = Pg™™8 — 25in? 4, (7.5)

and Ps+ Py = 1. Due to various experimental imperfections, we will in practice encounter
also the erroneous conclusive results occurring with probability Pg. This motivates us
to consider a general discrimination scheme where we maximize Psg, hence minimize Pg,
for a fixed fraction of inconclusive outcomes P;. The optimal filter then reads F =
£10)(0] 4 |[1)(1|, where f = /1 — Pr/cos?6, and a projective measurement in basis |+£)
should be performed after successful filtration similarly as before. This intermediate
strategy optimally interpolates between IDP [76-78] and Helstrom [75] schemes, and we
get [80481]

1 Py
Py=—-(1-P in(20)y/1 — . .
s = 5 ( 1 + sin(26) o 9> (7.6)

It is convenient to consider also a relative probability of successful discrimination for the
subset of conclusive outcomes,

Py = Pg/(1— Pp). (7.7)

The probability Py increases with P; and Pg = 1 when P; = cos(26).

The optimality of the above protocol is proved in [4] with the help of the formalism of
process POVM [108}/198]. There it is shown that the optimization of discrimination of two
projective qubit measurements becomes equivalent to optimization of the discrimination
of two quantum states |¢) and [¢) by a 3-component POVM.

Optimal discrimination with single-qubit probes

To elucidate the importance of the entanglement state in the task of discrimination mea-
surement, we provide a benchmark for the realized experiment. We determine the optimal
discrimination strategy with unentangled single-qubit probes, see Fig. 7.1(c). In this case
one has to guess M or N solely based on the measurement outcome on the probe qubit.
For more details about the optimal single-qubit discrimination strategy, see [4]. Here
we show only the result, which is used as the “classical” bound in Fig. [7.7 There, it
is depicted by dashed lines for 7 different angles 6 determining 7 different pairs of the
measurement basis M and N.
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The optimal discrimination strategy is different for Py < Py and P > Prp. The
transition point P r is obtained as a result of optimization procedure. Then the overall
success probability reads:

If P > Prp, the success probability is:

1 1. (1—2FPp)?
Ps=-(1-P - 20)4 /1 — ————. 7.8
s = 51— P+ gsin( )\/ cos?(26) (78)
If P; < Prp, then the success probability is:
Py Py
Ps=|(1——|P ——Pg 7. 7.9
s ( PI,T) 5,0 T Pir S,T (7.9)

Where:
Prr = [1 4+ 3cos(20) + 2 cos?(20) /1 + 3 cos2(26)]/[2(1 + 4 cos?(20))],
Pso = [1 +sin(26)]/2,
Pg 1 is given by equation where Py is replaced with P; 7, thus
Psp = (1= Prr)/2 +sin(20)\/1 — (1 — 2P 1)/ cos?(20) /4.

To compare it with the previous case of optimal entanglement-assisted discrimination,
we consider also the relative probability of successful discrimination for the subset of
conclusive outcomes Pg, given by equation 1}

For unambiguous discrimination (Pg = 0) with a single-qubit probe the success prob-
ability is given as Py"*™™® = [1 — c0s(26)]/2, and P;"*™™® = [1 + cos?(20)]/2.

7.3 Experiment

Our experimental demonstration of entanglement-assisted discrimination of quantum mea-
surements is based on linear optics and qubits encoded into states of single photons. The
scheme of our experimental setup is shown in Fig First we describe general blocks of
the experimental setup, then stabilization procedure and alignment routines.

Source: We use a spontaneous parametric down conversion (SPDC) type 11, collinear
and degenerated to create time-correlated orthogonally polarized photon pairs. Nonlinear
crystal BBO, 2 mm thick, is pumped by a laser beam with central wavelength 405 nm and
power 60 mW. The obtained signal and idler photons go through the same interference
filter (Semrock MITC 4#) FWHM 2.7 nm. Subsequently, the photons are separated from
each other by a polarizing beam splitter (PBS). The signal and idler photons are properly
coupled into slow axis of polarization maintaining fibres (PM780-HP) and let directly to
an entanglement state preparation (not shown in Figs 7.2 and .
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Figure 7.2: Scheme of the experimental setup for optimal entanglement-assisted discrim-
ination of quantum measurements; BS — bulk beam splitter 50:50, FBS — fibre beam
splitter 50:50, PBS — polarizing beam splitter, HWP — half-wave plate, C — collimating
lens, PM — phase modulator, D — single-photon detector, VRC — variable ratio coupler
which determines the amount of inconclusive results, SPDC — source of the photon pairs.

Setup photo is shown at the end of this chapter in Fig. [7.10}

Then the signal and idler photons are outcoupled from the fibres. They are sent
through linear polarizers (PBS) to increase their degree of polarization. Subsequently the
polarization state of the signal (idler) photon is set by a half-wave plate (HWP) and a
quarter-wave plate (QWP), respectively. This is shown in the orange block of Fig 7.3.

The signal photons enter a non-polarizing balanced beam splitter (BS) through the
first input port, while the idler photons enter the BS through the second one. Behind this
BS the post-selected two-photon polarization singlet Bell state | ™) is prepared by inter-
fering the vertically polarized signal photon and the horizontally polarized idler photon.
Unfortunately, the BS is not the ideal one. Its imperfections influence the resulting state,
therefore additional corrections are needed. Unwanted phase shift between |H,V’) and
|V, H) is compensated by tilted HWP rotated at 0°, added into the appropriate output
port of BS (port 2). The imbalanced splitting ratio of the BS, different from 50:50 and
different for both its eigenmodes, causes that amplitudes of |H, V') and |V, H) are differ-
ent. It is compensated by a tilted not-coated thin glass-plate inserted also into output
port 2. Finally, HWPs rotated by 22.5° are added into both output ports of the BS. They
have no influence to the entangled state itself. They are just necessary for later alignment
purposes. They convert the horizontal (H) and vertical (V') linear polarization states to
diagonal (D) and antidiagonal (A) ones (the purpose of these wave plates will be obvious
later). The preparation of the post-selected two-photon polarization singlet Bell state is
shown in the red middle block in Fig 7.3.
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Figure 7.3: Experimental preparation and characterization of post-selected two-photon
polarization singlet Bell state |¥~). SPDC — source of the photon pairs, rest of the
components is described in the legend in right upper corner. Photo of the state preparation
is included almost at the end of this chapter in Fig. .

To characterize the prepared post-selected entanglement state, quantum state tomog-
raphy is used. Polarization state analysis consisting of HWP, QWP in motorized rotation
stages and PBS are placed into both output ports of the BS. This is shown in the blue
blocks in Fig 7.3. After the state characterization, some of the wave-plates are removed
(in Fig 7.3 depicted by dashed grey frame).

Qubits I and II are step-by-step projected onto 6 polarization states (H, V, D, A, R, L).
36 combinations of polarization projections are measured and coincidence rates between
detectors are stored. From the measurement results a density matrix of the true output
state is reconstructed. It is shown together with the ideal matrix in Fig[7.4, The ob-
served purity of the state is better than 0.98, fidelity is higher than 0.99, and imaginary
components are not higher than 0.01.

Before the state characterization, the temporal indistinguishability of idler and signal
photon at the BS is maximized. The paths of the signal and idler photons are adjusted
according to the minimum of Hong-Ou-Mandel (HOM) dip. HOM dips are measured for
signal and idler photons both in the same polarization state. First, both photons are set
to horizontal polarization states, then both to vertical. Visibilities of both dips are better
than 0.97. Subsequently, the polarization states of signal and idler photons are set back
to horizontal and vertical, respectively, to be perpendicular to each other and to create
the singlet Bell state.
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Reconstructed

Ideal

Figure 7.4: upper row — reconstructed Choi matrix p of the post-selected two-photon
polarization singlet Bell state |¥~) with purity > 0.98 and fidelity > 0.99; bottom row —
ideal Choi matrix of |U™); left (right) column — real (imaginary) parts of the matrices.

Black box (M or N) — qubit I: The measurement M or A that should be identi-
fied is performed on the first qubit of the entangled state |¥~). Therefore, a combination
of HWP1 and PBS1 is placed into the BS output port 1. It enables us to apply a pro-
jective measurement on qubit I in an arbitrary linearly polarized basis determined by the
rotation of HWP1 (note: in general, arbitrary two polarization states can be transferred
by unitary operations to the plane of linear polarizations). Basis states |0) and |1) are as-
sociated with diagonal |D) and anti-diagonal |A) linear polarizations states, respectively.
Namely, |¢) = cos | D) +sin 0| A) and similarly for other measurement-basis states, given
by Eq. . Measurement outcomes 0 and 1 are indicated by clicks of single-photon
detectors Dy and Dq, respectively. This part of the setup is called black boxr — the de-
vice which randomly sets one of two measurement bases M or N with the same prior
probability and applies it on the qubit I. It is depicted in Fig 7.2 in lower left corner,
denoted by the gray frame qubit I. As a consequence of the projection of qubit I the state
of qubit II is influenced. Thus information about the applied measurement on qubit I is
encoded into its state. Then, the state of the second photon is analyzed, it is shown in
Fig 7.2 in the middle-right part, denoted by the gray frame qubit I1.

Photon analysis — qubit II: After the measurement on the first photon the second
photon can be find in one of four possible polarization states, which corresponds to bases
M and N. Let us call the possible states of the second photon M0, M1 and NO, N1.
Thus second photon state M1 is given by applied measurement M on qubit I followed
by photon detection by detector D;, analogically for the other states. M1 = |¢), M0 =
|p), N1 = [¢p), NO = |¢p*). The states M0, M1(NO, N1) are perpendicular to each other
and create basis M (N).
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Here we just remind, that polarization states M1 and N1 lie in the plane of linear
polarization states H, V, D, A on the Bloch sphere. They are symmetrical around the
diagonal states axis |D)/|A) (in extreme cases, M1 and N1 could be |H) and |V') states
or both of them could be in | D) state).

The second photon analysis consists of two serially connected fibre-based Mach-Zehnder
interferometers (MZI1, MZI2) made of polarization maintaining fibres. The analyzed pho-
ton enters MZI1 through PBS2. PBS2 transforms quantum state of the second photon
from polarization encoding to spatial (path) encoding. The spatially separated linearly
horizontally and vertically polarized signals behind the PBS2 are coupled into slow axis of
polarization maintaining fibres, which suppress unwanted changes of a polarization state
during its propagation. The spatial modes of light |0)yzr and |1)yzn are represented by
a photon propagating in lower and upper arm of MZI1, respectively and correspond to
|D) and |A) polarization states.

A feed-forward loop is connected to MZI1 to conditionally change the state of the
second photon. It is an electro-optical loop consisting of a single photon detector, a
voltage divider and a phase modulator (PM). It conditionally applies a phase shift of
7w between arms of MZI1. The phase shift application is triggered by detector Dy. We
employ the passive version of the feed-forward loop. It is in detail described in Chapter 3,
Methods and Tools in the section Real time electro-optical feed-forward loop. Thus, when
the first photon is detected by Dy, nothing happened. However, when the first photon is
registered by detector Dy, the phase shift of 7 is applied into the lower arm of MZI1. It
conditionally changes the state of the second photon. Then the second photon could be
find only in two possible states. State N0 is mapped on M1 and MO0 is mapped on N1
(Jot) — |¢) and |¢t) — [), which is similar to the conditional application of unitary
operation oy in Eq. up to an exchange of the role of |¢) and |¢))). The discrimination
problem of two measurement bases M and N (four possible states) is reformulated to
discrimination problem of two single-qubit states M1 and N1 (|¢) and |¢)).

At the end of MZI1, the photon interferes at the balanced fibre beam splitter (FBS1,
the real component has the splitting ratio 48:52). By FBSI1, the states are rotated in
the plane of linear states about /2. Than the arms of MZI2 create new basis states
|0)mziz and |1)ymzre. These basis states correspond to |H) and |V') polarization modes.
A variable ratio coupler (VRC) is placed into an upper arm of MZI2. It serves as a variable
attenuator of the amplitude of the basis state |0)yzi2, hence it implements the filter F.
It is possible to set the VRC splitting ratio in such way, that the |0)yzi2 component
of the state is attenuated and the states M1 and N1 become perpendicular each other
(M1 — |4+) ~ |D) and N1 — |-) =~ |A)). It is followed by projection onto the states
superposition |+) (in polarization modes |D)/|A)). It is done via a balanced fibre beam
splitter (FBS2, the real component has the splitting ratio 48:52) placed at the end of
MZI2 and detectors D4 and Dpg.

We are able to unambiguously distinguish between these two states M1 and N1. Thus,
we are able to unambiguously distinguish between the bases M and N carrying out
coincidence measurement with detectors Dy and D;. To determine the probability of
inconclusive events, an additional detector D; is used to monitor the VRC output port.
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This experiment is not focused only to the unambiguous discrimination, where the
states M1 and N1 are made perpendicular. Moreover, the intermediate strategies are
studied.

Stabilization of MZIs: During the measurement, both interferometers MZI1 and
MZI2 are thermally isolated and actively stabilized to reduce phase drifts caused by air
flux and temperature fluctuations, as described in Chapter 3, Methods and Tools, in the
section Stabilization of experimental setup. Resulting passive phase stability of each in-
terferometer is approximately the same, better than 1 deg per second.

Sequential active stabilization of serially connected MZIs: each MZI contains
one phase modulator (PM) used for its active phase stabilization. The stabilization routine
of each MZI is based on intensity measurements at the end of the interferometer at least
at one of its output ports.

An attenuated laser diode is used as a probe beam for the active stabilization proce-
dure. It has the central wavelength 810 nm and the light went though the same interfer-
ence filter as the photon pairs from SPDC. The polarization of the probe beam is set to
horizontal, thus the beam is coupled just into the signal photon arm of the source. At the
BS the beam is split. One part of the beam goes to the black box and it is blocked. The
second part goes to MZIs. The polarization state of this part of the beam is changed from
horizontal to diagonal by the HWP rotated at 22.5°. Then PBS1 behaves as balanced
beam splitter. Thus, for active stabilization procedure MZI1 is always a balanced inter-
ferometer with high visibility. Because for the probe beam, both beam splitters (PBSI,
FBS1) have a splitting ratio close to 50:50 and arms have balanced insertion losses.

During the stabilization of MZI1, the optical path between VRC and FBS2 is interrupt
to prevent interference in MZI2. Then the output signal of MZI1 is detected by detectors
Dy and Dy (Dp contains the same signal as D,). Detector Dy is used only when the
VRC splitting ratio is different from 0:100. For stabilization of MZI2, one arm of MZI1
is interrupted, thus the interference in MZI1 is stopped. Signals from both detectors D 4
and Dp are used. When the VRC splitting ratio is 100:0, there is no interferometer MZI2
and just MZI1 has to be stabilized.

The MZIs are stabilized as follows: First, interference fringes of MZI1 and then MZI2
are scanned to obtain input parameters for the stabilization procedure. Subsequently, the
stabilization procedure is applied to the interferometers in the same order. When MZI1 is
stable, then stabilization of MZI2 starts. The overall time spend on stabilization of MZI2
is measured. When the time is longer than 1 s, the stabilization procedure, consisting of
stabilization of MZI1 followed by stabilization of MZI2, starts again. At the end, the time
is checked again. When both MZIs are stable within time limit, appropriate phase shifts
are set. Then the signal from probe laser-diode is blocked, photon pairs are injected into
the setup and the main measurement is performed for 1.5 s. After that, the stabilization
procedure starts again.

The overall phase drift inside each MZI during the time period including stabilization
and measurement is smaller than 7/100.

89



CHAPTER 7

el /8

@ oy g8 =0t >
Z 2 PBS2 VRC o)

Hpo E I i
signal U Ll (=] i
vBS :

HWP(O) v ] 3
HWP1(0) X FBS1 FBS2 |o/ !

Hoo g —0%

(b) Vidlor % % PBS2 ngé 9"'5
Vpol —I ”I-I ; :
signalD L > o id%r | \_l + @ @

e - 0 3]
= ¥ signal ¥ Fgsy FBS2 3'“:
() Heo S5 =100%
Vider £ pasa T\;gg/ @
Heol —| ”ﬂ E signal
signalD |_ > ud . id*l-er J! @
s Ve [] }-{
= . FBSY FBS2 @"'

Figure 7.5: Schema of the three-step alignment procedure of experiment paths lengths ac-
cording to HOM dip minimum or autocorrelation function maximum, for details see text.

Alignment procedure: Before the main measurement, it is necessary to precisely
set lengths of the interferometers arms. It is done in three steps using the photon pairs
from SPCD.

Firstly, paths between the SPDC source and the BS are aligned. It is schematically
shown in Fig.|7.5(a). The polarization state of the idler photon is set to a horizontal linear
polarization, thus signal and idler photons are in the same polarization state. The HWPs
in front of PBS1 and PBS2 are rotated from 22.5° to 0°, to obtain the maximal photon
count rate in horizontal-polarization outputs of PBSs. In MZI1 the arm corresponding to
the vertical polarization is blocked to avoid any residual interference. In MZI2, the VRC
splitting ratio is set to 100:0 to have the maximum count rate at detector D;. Then the
HOM dip is scanned with help of coincidence measurement between detectors Dg & Dj.
Its visibility is calculated and compared with maximum achieved value. Subsequently, the
linear motorized stage is set to the position corresponding to the HOM dip minimum. If
the visibility is repeatedly substantially lower (several percent) than the expected value,
the spatial overlap of the photons at the BS is verified and eventually re-aligned, as well
as the photons polarization states. When such alignment does not help to improve the
dip visibility, it is necessary to re-align the source of photon pairs. Another warning that
the source needs re-alignment is decreasing coincidence rate.
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Secondly, the lengths of MZI1 arms are aligned. It is schematically shown in Fig. 7.5(b).
The polarization of the idler photon is set back to the vertical linear polarization, thus the
polarization states of signal and idler photon are perpendicular to each other. The HWP
in front of the PBS2 is still set to 0° to not influence the polarization state. Everything
is arranged in such way that horizontally polarized signal photons are in the upper arm
and vertically polarized idler photons are in the lower arm of MZI1. Both signal and idler
photons are led by a slow axis of polarization maintaining fibres to the first fibre beam
splitter (FBS1) where they interfere. Just whole photon pair, which enters the MZI@
contributes to the HOM dip. The splitting ratio of VRC in MZI2 is set still to 100:0 to
have no interference in MZI2. Then the HOM dip is scanned using the motorized stage
of the air gap inside MZI1 and the coincidence measurement between detectors D4 & Dj
is performed. Subsequently, the air gap position is set to HOM-dip minimum.

Thirdly, the lengths of MZI2 arms are aligned. It is schematically shown in Fig. 7.5(c).
We utilize a phase sensitive measurement and we measure single-photon rate by detector
D4 or Dg, no coincidence rate. To obtain higher rate, polarization of idler photon is
set again to the horizontal linear polarization, thus signal and idler photons are in the
same polarization state. The HWP in front of MZI1 is still set to 0°. Then, each photon
that enters MZI1 is in the upper arm corresponding to horizontal linear polarization. As
a result, all single photons and photon pairs enter FBS1 (MZI2) through a single input
port. The VRC splitting ratio is set to 0:100 to balance MZI2 without additional losses
(at detector Dy is no signal). The scan is performed by a linear motorized stage in air gap
of MZI2. The envelope of the autocorrelation function of single photons and photons pairs
are measured at the same time. Thus, the MZI2 arms lengths are balanced according to
the maximum of the autocorrelation pattern envelope.

After this three-step alignment procedure, HWPs in front of PBS1 and PBS2 are ro-
tated back to 22.5°. The polarization state of idler photon is set back to the vertical linear
polarization to create the singlet Bell state.

VRC splitting ratio: When the whole setup is aligned, the appropriate splitting
ratio of VRC is set. The probe beam is injected to the setup and only the upper arm
of MZI1 is opened. We start with the VRC splitting ratio 0:100 to have no signal at
detector D;. The sum of count rates detected by D4 and Dp is measured for both
arms of MZI2 separately. The balancing of insertion losses between arms of MZI2 is
verified by comparing these measured values. Then the lower arm of MZI2 is interrupted.
Subsequently, we tune the VRC splitting ratio till we reach required value. The VRC
splitting ratio R : T' corresponds directly to single-photon count rates ratio Ny : (N4+Np)
from detectors Dy, D4, Dg, respectively. All count rates N, are corrected with respect to
relative detection efficiencies 7 of single photon detectors Dy, where k = I, A, B. The
count rate of detector Dy is also corrected with respect to different path transmittances
from the VRC to detector D; and from the VRC to detectors D4 and Dg. The value of
this correction factor is 1/1.13.

33When the idler (signal) photon from the pair is reflected (transmitted) by the BS.
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7.4 Measurement

Data acquisition: When the whole setup is aligned and the required VRC splitting
ratio is set, then the main measurement begin. Interference fringes of MZI1 and MZI2 are
scanned and their visibilities are compared with expected values. Then the stabilization
procedure followed by the 1.5-s-long measurement period immediately starts and it is
repeatedly applied. To accumulate enough data, it is repeated 70 times for each setting of
the HWP1, which determines the measurement basis of the first qubit (M, A'). When all
data for all HWP1 settings are measured, the interference fringes of each MZI are scanned
again and the splitting ration of VRC is verified. When the visibilities of these fringes are
significantly lower than the expected values or the splitting ratio is different from the set
one, all datasets are discarded and the setup is re-aligned. When obtained visibilities are
high enough, another required splitting ratio of VRC is set and whole procedure starts
again.

Note: Data in Fig.7.7 are measured in groups for different VRC splitting ratios (correspond-
ing to different values of Pr). The reason is, that setting of VRC compared to setting of HWP

s time consuming, more sensitive, less repeatable, and not under automatic computer control.

Data processing: For each basis X = M, N we measure 6 two-photon coincidences
C¥ represented by simultaneous clicks of pairs of detectors D; & Dy, where i = 0, 1, and
k= A, B, 1. We measure the relative detection efficiencies n;, n of the detectors, and their
influence is compensated by rescaling of measured coincidence rates as Cix — C3f /(nim),
(the efficiencies are listed in table placed in the last section of this chapter). The
measurement time is the same for both bases, it corresponds to equal a-priori probabilities
of M and N. Probabilities Py, Pg, and P; are determined as follow:

successful conclusive results Ps = (CY) + CM, + CY, + C%) /Ciot,

erroneous conclusive results Pg = (C}4 + C¥, + ON, + C) /Ciot

inconclusive results Py = (C3f + CM + O + CN) /Co,
where Ci.; denotes the sum of all 12 measured coincidence rates.

Measurement of entanglement based intermediate strategy: We perform mea-
surements for 7 values of § = j7/30, j = 1,2,3,4,5,6,7 (0 = 6°,12°,18°,24°,30°,36°, 42°).
These angles determine the basis M and N. For each angle 6 two positions of HWP1
are used: (22.5° —6/4) and (22.5° — 6/4). The first one corresponds to basis M and the
other one to N/. So, HWP1 angles in groups determining basis (M, N) are: (12.0°,33.0°),
(13.5°,31.5°), (15.0°,30.0°), (16.5°,28.5°), (18.0°, 27.0°), (19.5°,25.5°), (21.0°,24.0°). For
each #, the transmittance of VRC is varied from 1 to 0.1 with the step of 0.1, i.e.
T = 0.1,0.2,0.3,...,1.0. For each splitting ratio of VRC and each setting of HWP1
in the black box, 70 repetitions of 1.5-s-long measurements (interlaced by active stabiliza-
tion) is performed. The measurement is schematically shown in Fig. [7.6]

Measurement of entanglement based unambiguous discrimination: We have
carried a separate test for 11 different 6, = arctan(y/T,) corresponding to transmittances
of the VRC, T, varied from 1 to 0 with a step of 0.1, i.e. T, = 0.0,0.1,0.2,...,1.0.
The angles are listed in the table [7.2] placed in the last section of this chapter, Tables &
Additional material. The measurement is schematically shown in Fig. 7.6.
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intermediate: N patn 1
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Figure 7.6: The scheme of the optimal entanglement-assisted discrimination of quantum
measurements — for the intermediate and unambiguous strategies; SPDC — source of pho-
ton pairs, HWP — half-wave plate, (F)BS — (fibre) beam splitter 50:50, PBS — polarizing
beam splitter, C — collimating lens, PM — phase modulator, D — single-photon detector,
VRC — variable ratio coupler (It determines the amount of the inconclusive results.)

7.5 Results

Resulting dependences of Pg on P; for general intermediate strategies are plotted in
Fig. 7.7. Obtained data are plotted by circles together with the theoretical curves repre-
senting the maximum Pg achievable by the optimal entanglement-assisted protocol (solid
lines) and by using the single-qubit probes (dashed lines). Statistical errors of the results
are smaller than the size of symbols. We can see that for certain 6§ and P; the experi-
mental entanglement-based discrimination indeed outperforms the best strategy without
entanglement. The slight reduction of the experimentally observed Py with respect to
the theoretical prediction could be attributed to various experimental imperfections such
as phase fluctuations inside MZIs, imbalance of MZIs arms lengths, small deviations in
phase and polarization settings, slightly unbalanced splitting ratios of beam splitters, and
small imperfections in the input singlet state. As indicated by the theoretical curves,
the entanglement-based protocol theoretically outperforms the single-qubit scheme for all
P; > 0. The entanglement thus does not help only in the regime of minimum error dis-
crimination (P; = 0) where the optimal success probability [1+sin(26)]/2 can be achieved
by a single-qubit probe prepared in state |+).

Unambiguous discrimination with a single-qubit probe is possible only if the probe
is prepared in a state orthogonal to one of the projectors , say [J) = |[¢1). The re-
sulting probability of inconclusive outcomes P} = [1 4 cos®(26)]/2 is larger than
the probability cos(26) achieved by the entanglement-based scheme and the difference
increases with 6. The experimental results of entanglement based unambiguous discrim-
ination for 11 different 6, are plotted in Fig. [7.8l They are in good agreement with the
theory. The probability of errors Pr (which should theoretically be zero) does not exceed
3.2%. It is caused by experimental imperfections. The statistical errors of the results are
smaller than the size of symbols.
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Figure 7.7: Optimal entanglement-assisted discrimination of measurement bases M and
N. Dependence of relative success probability Ps on probability of inconclusive results Py
is plotted for 7 values of §; = jn/30, j = 1,2,3,4,5,6,7 (values for each # are depicted by
one colour). The value of j increases from bottom to top. Shown are the experimental data
(circles) as well as the maximum Pg achievable by the optimal scheme using entangled
state (solid lines), and using single-qubit probes only (dashed lines).
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Figure 7.8: Entanglement based unambiguous discrimination of quantum measurements
M and N. Probabilities Ps (o), P; (O), and Pg (+) are plotted as functions of the VRC
splitting ratio T),. Lines represent theoretical predictions.
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7.5.1 Tables & Additional material

Table 7.1: Measured relative detection efficiencies of single photon detectors.

detector

Dy

D,

Dy

Dpg

D

rel. efficiency

0.789

0.938

0.982

1.000 | 0.973/1.13* = 0.861

* Denotes the correction factor of paths transmittances.

Table 7.2: Entanglement based unambiguous discrimination: angles of rotation of HWP1
in the black box for basis M and N for transmissivity T, of the VRC.

angle of rotation HWP1 [°]
Tu of VRO s M basis N
1.0 0.000 45.000
0.9 0.754 44.246
0.8 1.595 43.405
0.7 2.541 42.459
0.6 3.619 41.381
0.5 4.868 40.132
0.4 6.344 38.656
0.3 8.145 36.855
0.2 10.453 34.547
0.1 13.726 31.274
0.0 22.500 22.500

Figure 7.9: Photo of the post-selection entanglement state preparation with motorized
wave plates serving for its characterization. Photons paths are shown by red lines.
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Figure 7.10: Photo of the experimental layout of the optimal entanglement-assisted dis-
crimination of quantum measurements.
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Chapter 8

Faithful conditional quantum state
transfer between weakly coupled
qubits

This chapter is based on the following publication:

[5] Martina Mikova, Ivo Straka, Michal Mi¢uda, Vojtéch Krémarsky, Miloslav Dusek,
Miroslav Jezek, Jaromir Fiurasek, and Radim Filip. Faithful conditional quantum state
transfer between weakly coupled qubits. Scientific Reports 6, 32125 (2016).

8.1 Basic idea

This last described experiment is devoted to demonstration of faithful conditional quan-
tum state transfer between weakly coupled qubits. We use a linear optical setup with
qubits encoded into polarization states of single photons. This platform serves as a suit-
able testbed for proof-of-principle verification of our protocol, whose applicability is, nev-
ertheless, universal and by no means limited to photonic qubits.

Our scheme enables a probabilistic yet perfect unidirectional transfer of an arbitrary
unknown state of a source qubit onto a target qubit prepared initially in a known state.
The transfer is achieved by a combination of a suitable measurement on the source qubit
and quantum filtering on the target qubit. The quantum filtering depends on the outcome
of the measurement on the source qubit, initial state of target qubit and on mutual
interaction of qubis.

In this way, quantum state can be transferred between various physical platforms or
one can create a hybrid entangled state.
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8.2 Theory

The theoretical part of [5] is done by my colleagues. Here, we mention only a part of the
theory necessary for understanding of the protocol and its experimental realization.

Figure 8.1: Quantum state transfer protocol. The initial state |¢))s of the source qubit S
can be arbitrary and unknown. The goal is to transfer any state of source S to target
T, initially in a known fixed state |g)r. The state transfer requires some interaction
(unitary or probabilistic) between the source S and target T' qubits. The transfer is
performed by optimal measurement and feed-forward loop with optimal filter controlled
by the measurement result and prior information about the initial target state |g)r.

Single qubit transfer: The goal of the universal quantum state transfer protocol is to
faithfully map any quantum state [))s = a|0)s+ (|1)s of a source qubit .S onto the target
qubit 7" that is initially prepared in a known fixed state |g)r, as illustrated in Fig.[8.1l The
source qubit could even be initially entangled with some ancillary qubit. For clarity of
subsequent presentation, we shall consider a generic pure initial state of the source qubit
|1)s. To make our treatment sufficiently general, we allow for both deterministic and
probabilistic interactions V between the source and target qubits, hence V can be either
a unitary operation or a non-unitary quantum filter satisfying VIV < I. We thus consider
the most general class of noiseless quantum interactions. The interaction V creates an
entangled state of source and target qubits,

VIY)slg)r = a|®o)sr + B|®1) s, (8.1)

where |®;)sr = V|5)slg)r. In the next step of the protocol we erase the correlations
between source and target qubits by a projective measurement on the source qubit. If
we project the source qubit onto a pure state |w)g, we prepare the target qubit in the
following pure state,

o)1 = alo)r + Bld1)T, (8.2)

where |¢;)r =g (m|®;)sr. Note that states |¢o) and |¢1) are generally non-orthogonal,
(do|p1) # 0, and they are not normalized and their norms can differ, (¢o|do) # {(¢1|01).
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To complete the quantum state transfer we need to transform the two non-orthogonal
states |¢o) and |¢1) onto normalized orthogonal basis states |0) and |1), respectively.
Provided that |¢g) and |¢;) are linearly independent, this can be accomplished by a
suitable quantum filter G applied to the target qubit,

1
(@5 161)

G- L (#|o><¢f|+

N (o1 160) i) (&)

Here |¢;) denotes a qubit state orthoggnal to |¢;), (¢5]¢;) = 0, and N is a normalization
factor. We emphasize that the filter G does not depend on the input state |i)g of the
source qubit, it depends only on the initial state of the target qubit |g)r, the interaction
V, and the state |m)s onto which the source qubit is projected. After filtering, the state
of the target qubit becomes equal to the input state of the source qubit,

Glo)r = (a]0) + BI1))r /N, (8.4)

and the probability p of success of the transfer protocol reads 1/|N|?>. To reach maximal
probability of success, N has to be set such that the maximum singular value of G is
equal to 1 and G'G < [ is satisfied. The probability of success can be also maximized by
optimization of the measurement strategy and enhanced by the feed-forward loop, which
allows us to exploit both outcomes of projective measurement on the source qubit. The
overall success probability of the protocol is discussed later.

Example of the interaction: To illustrate our method, we consider as an instructive
example a class of symmetric probabilistic two-qubit interactions described by an operator
V' diagonal in the computational basis,

V' = [00)(00] + #,]01)(01] + £1]10)(10] + #1,|11)(11], (8.5)

where t1,t17 € [—1,1]. It turns out that in this case it is advantageous to measure the
source qubit in the balanced superposition basis |+) = \%(!@ +|1)). After some algebra
we find that the conditional states of the target qubit corresponding to these two outcomes
differ only by a sign in the superposition,

o) = (alo) £ Blér))r /V2. (8.6)

It implies that the quantum filters é+ and G_ associated with the measurement out-
comes + and — differ only by a fixed unitary transformation, G_ = UWGJF, where
U, = [0)(0] — |1)(1]. The whole protocol can be therefore implemented using a fized
quantum filter CAJ+ followed by a feed-forward-controlled unitary phase shift. This greatly
simplifies the experimental implementation of the protocol.
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Linear-optical emulation of the interaction: For the proof-of-principle demon-
stration of the state transfer protocol we use linear optics and qubits encoded into polar-
ization states of single photons.

We thought about the suitable non-trivial interaction between single photons. Finally,
we decided to make our study generic and test our procedure in the regime of weakly cou-
pled qubits. Thus for the interaction between single photons, we utilize interference on
a partially polarizing beam splitter (PPBS) that fully transmits horizontally polarized
photons and only partially reflects vertically polarized photons, with corresponding am-
plitude transmittance ¢,,. We post-select on presence of a single photon in each output
port of PPBS [199], then the interference results in the two-qubit transformation (8.5
with parameters t; = ty and t;; = 2t3 — 1.

8.3 Experiment

First, we briefly describe the experiment, then we explain in detail general blocks of the
experimental setup. Finally alignment routines and stabilization procedure are discussed.
The simplified scheme of the experimental setup is shown in Fig[8.2]

source
qubit
QWP

HWP G PBS2

t t
qubit PPBS
# .
H path Q delay

HWP V

HWP1 MZI
PBS1

—

02/ o1/

Figure 8.2: Simplified scheme of the experimental setup for the faithful conditional quan-
tum state transfer between weakly coupled qubits. PPBS — partially polarizing bulk beam
splitter (T = 0.983,Ty = 0.334); FBS — fibre beam splitter (47.6:52.4); G — adaptive
state filtration G+; PBS - polarizing beam splitter; HWP — half-wave plate; QWP —
quarter-wave plate; PM — phase modulator; D — single-photon detector; thinner red line
— free space beam; thicker black line — single mode polarization maintaining optical fibre
PM-780HP; thick yellow line — feed-forward loop with coaxial cables. The adaptive polar-
ization state filter G is in detail shown in Fig[8.4 The complex scheme of the experiment
and its photo are shown at the end of this chapter in Fig. and Fig. 8.3} respectively.

PM2
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Time correlated photon pairs are generated by frequency degenerate parametric down-
conversion process. Arbitrary input states of the source and target qubit can be prepared
by a combination of quarter-wave plates (QWPs) and half-wave plates (HWPs). The
qubits interfere at the PPBS. Subsequently, the source qubit is measured in the basis of
diagonal linear polarizations using a single-photon polarization detection block consisting
of a half-wave plate HWP1, a polarizing beam splitter PBS1 and two single photon detec-
tors D3 and D4. The polarization filter G+ on the target photon is implemented with the
help of calcite beam displacers (BD) and HWPs, as described below and shown in Fig. 8.4.

The conditional 7 phase shift on the target qubit, which changes the filter G+ to é_,
is applied by means of the feed-forward loop [1,2,30,43]. To facilitate its experimental
realization, we couple the target photon into a fibre-based Mach-Zehnder interferometer
(MZI), thus the polarization qubit is converted into the spatially encoded qubit. The single
photon detector D3, whose click indicates projection of the source qubit onto state |—).
It triggers the feed-forward action. The signal from the detector is amplified and led to
an integrated lithium-niobate phase modulator PM1 inserted in one arm of the fibre MZI,
thereby applying the conditional 7w phase shift to state |1)r.

The setup stability is reached thorough passive isolation from environment. Simul-
taneously, MZI is actively phase stabilized every 1.5 s to reduce remaining phase drifts
caused by temperature fluctuations and air flux below 2° during measurement periods.

Qubit state preparation: The source of correlated photon pairs is in detail described
in Chapter 3, Methods and Tools. Current power of pump CW laser is 100 mW. The
photons separated by a PBS are coupled into the slow axis of polarization maintaining
fibres (PM-780HP) and proceeded directly to qubit state preparations.

The initial states of source and target qubits are encoded into the polarization degrees
of freedom of signal and idler photons, respectively, by means of HWPs and QWPs, as
shown in scheme of the experimental setup in Fig. 8.2. Computational basis states |0) and
|1) correspond to horizontal and vertical linear polarization, respectively. The arbitrary
states of unknown transferred source qubit can be written as: [)s = «|H)s + 5|V )2
and the known linearly polarized state of target qubit is: |g)r = y|H)1 + §|V)1, where
v = cos(w), § = sin(w). The overall state in font of the PPBS in Fig. reads:

linppps)12 = |9)r @ [¢¥)s = (Y[H)1 + 6[V)1) @ (a|H)z + B|V)2). (8.7)

Implementation of the interaction V: To emulate the cource
regime of weakly coupled qubits, the photons are mixed to- qubit *
gether at the PPBS. The ideal PPBS should be fully trans- _,l _I;P_BS
mitting for horizontally polarized photons Ty = 1 and only t:;%ftt 3
partially transmitting for vertical polarization, for instance *4 PBS1
Ty = 0.334, where T, + R, = 1,z = H,V and amplitude €|-<1
transmittance and reflectance are t, = /1,,r, = VR,. Ac- D4 @ D3

cording to the two-qubit transformation described in Eq. (8.5)
with parameters ¢, =ty and ¢, = 2t} — 1, the resulting state Figure 8.3: Scheme clar-
behind the PPBS is (the mode notation is depicted in Fig. 8.3): ifying mode notation.
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|loutppps)ss = V|inppps)ie = a(y|HsHy) + 5ty |VaHy)) + B(vtv | Hs Vi) 4+ 6(2Ty — 1)|VaVa)).
(8.8)
Projective measurement applied on the source qubit: Subsequently, the source
qubit at the output port 4 of the PPBS is measured in the balance superposition of
basis |[£). The block of projective measurement on the source qubit consists of a half-
wave plate HWP1, a polarizing beam splitter PBS1 and two single photon detectors D3
and D4. The rotation of the HWP1 in front of the PBS1 determines the measurement
basis. Thus the measurement in |+) basis matches in polarizations the projection onto
diagonal or anti-diagonal (D/A) linear polarization state, which corresponds to the click
of single-photon detector D4 or D3, respectively. It is schematically shown in Fig.8.3.
Numerical calculations indicate that for any ¢y, and w it is optimal to measure the source
qubit in the balanced superposition basis |+)g (for detail see paper [5]),

(£ls = ((H|s £ (V]a)/V2. (8.9)
After the source qubit projection, the resulting target-qubit state can be written ag*}

s{E|outppps)as = |px)r = —(algo) £ Blé1))/V2, (8.10)

where the sign + comes from the projection of the source qubit into D/A polarization
state and |¢g) = v|H) + 6ty |V), |¢1) = vytv|H) + 0(2Ty — 1)|V). States |po), |¢1) are
in general non-orthogonal and non-normalized. They depend on the known parameters:
splitting ratio ¢ty of PPBS, initial target-qubit state parametrized by angle w, and pro-
jective measurement on the source qubit.

Target-qubit state filtration: It is a task of the qubit state filtration to make
filtered states |¢), |¢}) orthogonal (¢f|¢}) = 0, and of the same size (¢g|@) = (P1|d)).
The filter Gy acts as follows: G |do) = |¢}) o |H) and G|¢1) = |#,)  |V). Thus the
resulting state of the target qubit after successful filtration reads:

Gilps)r = |P)r = —(alH) £ 5|V)) /N. (8.11)

Any quantum filter G+ can be decomposed into a sequence G’+ = UQDUl, where
ULQ are unitary operations and the operator D is diagonal in the computational basis,
D = |0)(0|+A[1)(1], where X € (0,1] is an attenuation factor. Such decomposition enables
physical implementation of the filter.

The realization of the filter G@ is shown in Fig. 8.4. It consists of HWPs and two
calcite beam displacers (BDs), which form an interferometric device. The beam displacer
BDqy introduces a transversal spatial offset between V' and H polarized beams. These two
polarization components become spatially separated and can be individually addressed.
The HWP(45°), which is placed in both paths, mutually exchange polarizations V' and H.
Then the BDoyr puts the two spatial modes coherently together [200-202].

34The remaining index of PPBS output port is 3, we will not keep this notation in further text.
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HWP(45)

BDIN

HWP(a)

V

Figure 8.4: State filter G, consists of calcite MZI. BD — calcite beam displacer, BPS —
polarizing beam-splitter, D — single-photon detector, HWP(x) — half-wave plate, where x
is an angle of rotation from 0°. The angles a, b, ¢, which varied with initial target-qubit
state, are shown in Fig. by symbols ¢, m, A, respectively.

The half-wave plates WHP(a), HWP(c) at the input and output of the calcite MZI
implement the unitary operations U, and Us. HWP(a) appropriately rotates the states
into the basis of calcite interferometer. Selective attenuation D of single basis mode is
implemented by a suitable rotation of HWP(b) inserted inside the calcite MZI. HWP(b)
influences just single spatial mode, which in combination with BD,,; attenuates the mode.
The remaining HWP(0°) placed in the second arm of the MZI has no influence to po-
larization state, however, it compensates the optical length and dispersion of the arm.
Finally, HWP(c) rotates the filtered states into the basis of PBS2.

As mentioned before, the proper filter CA¥+ depends on the interaction V, on the pro-
jective measurement applied on the source qubit, and on the initial target-qubit state
|g)r, which is parametrized by angle w. Interaction and measurement are fixed for our
experiment. Thus we calculate the angles a, b, ¢ of HWPs rotation for several values of
w, as visible in Fig. 8.5. These angles could be determined by standard matrix optics
calculations or by singular value decomposition of the filter @+.
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Figure 8.5: Settings of HWPs angles a, b, ¢ in the state filter G, for certain angles w,

determining initial target-qubit state |g)r. (¢) yellow circle — angle a, (m) blue square —
angle b, (A) red triangle — angle c.
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Fibre-based Mach-Zehnder interferometer: The PBS2 creates an entrance into
the fibre-based MZI. The qubit state is re-encoded from polarization degree of freedom
into spatial one |[H) = |0) and |V) = |1). The photon is coupled into the slow axis of
polarization maintaining fibres (PM-780HP), then passes through the short delay lines
(4.5 m) and enters integrated electro-optical phase modulators (PM), placed in each MZI
arm. The total arm length is roughly 7.5 m in optical fibre. Subsequently, the photon in-
terferes at the output fibre beam-splitter (FBS), with measured splitting ratio 47.6:52.4.
Subsequently, it passes several meters of a polarizing fibre (HB830Z(5/80)) placed in both
FBS output ports leading to detectors D1 and D2. This fibre acts as a post-selective po-
larization filter. It selects optical signal in a slow fibre axis, while the signal in a fast
axis, which is not under our control, is attenuated. The photon interferes with measured
visibility ~95%.

Real-time feed-forward control: When the source qubit is detected by D4 corre-
sponding to projection onto |+), then filter é’+ is applied and no other action is needed.
Thus the phase inside MZI is set to 0° and the qubit state remains unchanged. The output
target qubit is in the same state as the input source qubit.

However, it is not the case, when the source qubit is detected by D3 correspond-
ing to projection onto |—). Then, the correct quantum filter G_ has to be applied to
change the target-qubit state. The quantum filter G_ differs from quantum filter G+ only
about fixed unitary operation U,. This conditional application of the unitary operation,
triggered by the click of detector D3, requires a real-time feed-forward loop. PM1 in the
fibre-based MZI is a part of the loop. Via it a conditional w-phase shift is applied between
MZI arms, see Fig. 8.2. After the successful application of G_ , the output target-qubit
state is |¢')p = —(a|0)+3|1))/v/2. Again, it is in the same state as the input source qubit.

The total success probability of state transfer is given by a sum of two contributions,

1 1
PN R o

where N_ is the normalization factor of G_. The success probability of the result with
a sign + and — is included in the normalization factor 1/|N|? and 1/|N_|?, respectively,
because the filter @, determined by Eq. , employs not normalized states.

The probabilistic nature of the quantum state transfer protocol is the price to pay for
a faithful transfer of all states with unit fidelity. The quantum filter G is an essential part
of the protocol. The average fidelity of states obtained without filtering may even
drop below the limit of 2/3, which is achievable by a purely classical measure-and-prepare
strategy.

35Tt includes application of the quantum filter G+ followed by the feed-forward action applying phase
shift of 7, G_ = U,G.
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Optical path alignment: First, optical paths of the signal and idler photons at
the PPBS are adjusted according to the minimum of Hong-Ou-Mandel (HOM) dip, when
both photons are in vertical polarization state. All wave-plates behind the PPBS are
set in such way, that the measured count rate is maximized. One photon of the pair is
detected by detector D4 and the second one by detector D1 or D2. In each MZI, just one
arm corresponding to vertical polarization is opened, it prohibits any residual interfer-
ence. The photons are detected only as coincidence rate Cy, respective Cys. Theoretical
dip visibility is 66.9% and a measured dip visibility is 66.4%. Delay between photons at
PPBS can be changed by motorized stage placed in the source of photon pairs. We scan
the HOM dip and then we set the stage to the position of the dip minimum. During
the final data accumulation, the coincidence rate in HOM dip minimum is checked in a
several-hours period. If the rate is changed, we re-align the motorize stage to the current
position of the HOM dip minimum.

Then, the optical paths in filter CA¥+ (the calcite MZI) are adjusted by means of in-
terference of a probe beam to the maximum of its autocorrelation function. The probe
beam is an attenuated CW laser diode (LD) with central wavelength 810 nm, which goes
through the same interference filter as photon pairs. Its polarization is set to horizontal,
then the beam is coupled only to a target qubit path. Subsequently, the probe beam
goes through the PPBS and HWP(a), where its polarization state is changed to diagonal.
The beam enters the calcite MZI through BDiy. HWP(b) is set into a position without
any filtration (b = 0). Thus the calcite MZI has balanced insertion losses of its arms.
The arms correspond to H and V polarization as shown in Fig.8.4. The polarisation
analysis is in diagonal and anti-diagonal basis created by HWP(c) and PBS2. A lower
arm of fibre-based MZI is interrupted to see the interference pattern of calcite MZI at
detector D1 respective D2. Then the phase in the MZI is set according to global intensity
minimum. The phase is tuned by tilting BDoyr. The theoretical visibility of calcite MZI
could be 100%, we reach 99.6%. Such device is phase stable within 2° for a several hours
under our laboratory conditions.

Finally, optical paths in fibre-based MZI are adjusted according to the minimum of
HOM dip at the FBS (47.6:52.4). The source and target qubits are set to the V' and
H polarization, respectively, to have the best possible coincidence rate C5 at the end of
the MZI. The HWPs in the experiment are set according to the Fig. (a), thus signal
and idler photon have different paths to the FBS, where they interfere. Path difference
between MZI arms can be changed by a motorized stage placed in one of its air gaps. Via
it, we scan the HOM dip. Maximal expected dip visibility is 99.1%, however, we reache
maximally 94.4%, probably due to photons distinguishability at the FBS.

We assume that the optical paths for signal and idler photon are already balanced up
to PBS2. Subsequently, we verify this assumption by scanning HOM dip at the end of
the fibre MZI again according to Fig.8.6(b). When the minimum positions of HOM dips
are the same, we know, that all setup is aligned properly. Then we set the stage to the
position of the HOM dip minimum. Otherwise, it is necessary to check the HOM dip at
PPBS and eventually the alignment of calcite MZI.
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Figure 8.6: Scheme of HOM dip measurement at the end of the fibre-based MZI. Red
path — signal photon, green path — idler photon. Two schemes in sub-figures (a) and (b)
differ in a setting of HWP(c), where ¢ = 0° and ¢ = 45°, respectively.

Note: For the first setup alignment we used this method iteratively for proper align-
ment of calcite MZI. When we were sure in PPBS HOM dip minimum, the calcite MZI
was set to the maximum of its autocorrelation function (which we suppose to be the global
mazimum). Then, according to settings depicted in Fig. 8.6(a) and (b) positions of HOM
dip minimum at the FBS were measured. The half of the difference between the dips po-
sitions should correspond to the path difference between calcite MZI arms. Thus we move
to the adjacent minimum of calcite MZI and we repeat the alignment procedure.

Active stabilization procedure The passive phase stability of isolated fibre MZI is
better than 1° per second. To reduce phase drifts caused by temperature gradients and
air flux fluctuations in time, the active stabilization is implemented through PM2.

To obtain stabilization procedure as autonomous as possible, we decided to inject
probe beam, serving for stabilization purposes, into the MZI through the second input
port of PBS2. The beam polarization is set to diagonal, then PBS2 behaves for it as a
balanced beam splitter. During the whole main measurement, input parameters of the
stabilization procedure (probe beam intensity and interferometer visibility) are constant.
If we chose the path of the probe beam through the calcite filter, the stabilization input
parameters would be different for each setting of the filter. For each new setting, it would
require measurements of these input parameters, otherwise the stabilization would not
work properly. It would be also time consuming.

However, behind PBS2, optical signals from SPDC and probe beam are orthogonally
polarized. Because of it, additional HWP and PBS are placed in each MZI arm. They
are set in such way, that just 3 % of a probe beam or 97 % of single photons from SPDC
is coupled into the slow axis of polarization maintaining fibres. It is shown in Fig.

The slightly different phase for photons from SPDC and a probe beam at PBS2 is
included as a phase offset in the stabilization procedure. This stabilization procedure
interrupts the main measurement each 1.5 s. The optical signals are swapped and the
automatic procedure verifies the probe beam intensity. In ideal case, it corresponds to
intensity in the centre of the interference fringe. If it does not, the proper phase correction
is applied via PM2. It is in detail described in Chapter 3, Methods and Tools.
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Figure 8.7: Schematically shown paths of photons: (a) — photon from SPDC — target
qubit; (b) — probe beam — using for stabilization procedure of fibre MZI. Both these
signals are coupled into slow axis of polarization maintaining optical fibres (PM-780HP)
which creates MZI arms. LD — probe laser diode; F — flip beam-stop; PBS — polarizing
beam splitter; C — coupling lens; HWP — half-wave plate; FBS — fibre beam splitter; BD
— calcite beam displacers; PM — phase modulator; D — single-photon detector; orange line
— target qubit; red line — probe beam, black line — optical fibre PM-780HP.

8.4 Measurement

It is important to verify the experimental feasibility, robustness and reliability of the
quantum state transfer protocol and probe its potential limitations caused by various
practical imperfections. Therefore, we experimentally test the quantum state transfer
protocol for 17 different initial states of target photon, |g)r = cosw|0) + sinw|1), with
w € {5°,10°,15°,...,85°}. For each choice of |g)7 we perform a full quantum process
tomography of the resulting single-qubit quantum channel £ describing the state transfer
from source qubit to target qubit. The measurement process is schematically depicted in
Fig. and data acquisition is described below.

Data acquisition: For each of 17 initial target-qubit states, we realize 36 combi-
nations of 6 input source-qubit states and 6 output projective measurements on target
qubit. In all cases, we measure coincidence rate C;; of two detectors Di & Dj normalized
to their relative detection efficiencies, where i € {3,4} and j € {1, 2}.

The input set of the source-qubit state consists of polarization states { H,V, D, A, R, L},
it corresponds to set {0, 1, +, —, +4, —i} in spatial encoding. For each state of source qubit
the resulting target-qubit state is analyzed. The analysis is realized as projections onto
the 6 states {0,1,+, —, +i, —i} via fibre-based MZI in 4 measurements. Projections onto
|£) are done in single measurement by proper phase setting inside MZI to 0. Coincidences
C31+ Cyy (C32+ Cyo) correspond to the projection onto |[+) (|—)). Projections onto | % 1)
are measured in a similar way with phase inside MZI set to 7/2. Then, projections onto
|0) and |1) are measured separately. The projection onto |0) (|1)) is reached by blocking
of a lower (upper) arm of MZI. Then, the sum of all coincidences Cs; + C3s + Cyq + Ciz
is measured.
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Figure 8.8: Scheme of data acquisition of quantum state transfer between weakly coupled
qubits. Colour boxes show settings during measurement cycles. PPBS — partially polariz-
ing beam splitter; FBS — fibre beam splitter 50:50; PBS — polarizing beam splitter; HWP
— half-wave plate; PM — phase modulator; D — single-photon detector. G — quantum
filter G’+

V

To show the importance of the state filtration after the weak interaction, we charac-
terize the protocol both with the filter G active and switched off (HWPs in G are set
to 0° = a = b = ¢, thus the HWPs do not influence the H and V' polarization states).

For each of 17 angles w, the process tomography of the qubit state transfer is per-
formed. It consists of 24 measurements. Each measurement consists from 40 pcs of
1.5 -s-long data accumulation. The rate of coincidence events depends on w and whether
the filter Gy is active or switched off as shown further in Fig(b). Therefore the
whole measurement is repeated several times to accumulate sufficient amount of data, see
table[8.1] Just notice, that coincidence rates are not influenced by the feed-forward action.

Table 8.1: Number of measurement sets for angle w (determining the target-qubit state)
— with and without active filter G, in Fig. 8.10 it corresponds to m and ¥, respectively.

wldeg] | 5 ]10]15]20[25[30[35[40 45|50 |55[60][65][70]75]80]85
with [16[13[11[11[10[10[ 8 [5[8[5[4[4[4]6]8]10]12
without | 4[4[ 4 44222222 ]2]2]2]4]4]14

8.5 Results & Discussion

Data processing: We characterize the resulting single-qubit quantum channel £ describ-
ing the state transfer from the source qubit to the target qubit. This quantum channel can
be conveniently represented by a matrix y, which is a positive semidefinite operator on
Hilbert space of two qubits. Physically, the quantum process matrix of a quantum channel
L can be obtained by taking a pure maximally entangled Bell state @) = \/Li(|00) +|11))
and sending one of the qubits through the channel £. A perfect state transfer corresponds
to the identity channel whose matrix y is equal to a projector onto Bell state |®T).

108



CONDITIONAL QUANTUM STATE TRANSFER BETWEEN WEAKLY COUPLED QUBITS

From measured data sets Choi process matrices y are estimated for each initial target-
qubit state |g)7, using the maximum-likelihood algorithm. In Fig. we plot the re-
constructed process matrices for w = 55° with the calculated values of process fidelity
F, purity P, and concurrence C. To show the importance of the state filtration and
the feed-forward in our protocol, we first switch off both of these operations, while ac-
cepting all coincidences. This emulates the situation when we have information that
the interaction V between the source and the target qubit took place, but we do not
perform any measurement on the source qubit (which can be inaccessible) and do not
apply any operation to the target qubit. The resulting noisy quantum channel is shown
in Fig. 8.9(a). If we switch on the fixed quantum filter G, but keep the feed-forward
switched off, we obtain the quantum channel plotted in Fig. 8.9(b). The theory predicts
that the fixed filtering should yield a dephasing channel represented by a diagonal op-
erator xpc = |00)(00] 4+ |11)(11], and our data are in very good agreement with this
theoretical expectation. Note that the dephasing channel is the best we can get without
having access to measurement results on the source qubit, because the correlations present
in the entangled state of source and target qubits destroy any phase coherence in the re-
duced density matrix of the target qubit. Finally, if we switch on also the feed-forward,
we achieve faithful state transfer, with the resulting channel being close to the identity
channel, see Fig. 8.9(c). In particular, compared to Fig. 8.9(b), the off-diagonal elements
of the channel matrix are recovered, as the feed-forward ensures preservation of quantum
coherence between the computational basis states.

Figure 8.9: The reconstructed channel matrices x for w = 55°. The first and the second
row show real and imaginary parts of the reconstructed matrix, respectively. For ease of
comparison, all matrices are normalized such that Tr(x) = 1. The matrices are plotted for
three scenarios: (a) - red - both filtering and feed-forward are switched off, F = 22.0 %,
P =598 %, C =0.3%; (b) - - filter is set on but feed-forward is switched off,
F =48.5%, P =49.6 %, C = 6.6 %; (c) - green- full implementation with both quantum
filter and feed-forward switched on, F = 95.7 %, P = 94.6 %, C = 92.3 %; where F —

fidelity, P — purity, and C — concurrence of the process matrix.
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Subsequently, we provide the quantitative characterization of the quantum state trans-
fer protocol performance in dependence on initial target-qubit state specified by angle w.
For each Choi matrix, we determine quantum process fidelity JF, which is defined as a
normalized overlap of the channel matrix y and the Bell state |®*). These results are sum-
marized in Fig. 8.10(a). We achieve high fidelity with maximum F = 95.8 % at w = 50°.
Figure 8.10(b) simultaneously illustrates dependence of the success rate of the protocol
on the initial target-qubit state. For each w we plot the sum of all measured two-photon
coincidences which is proportional to the success probability p. Since the same measure-
ments are carried out for each w and the measurement time is kept constant, the data for
various w are directly comparable. For reference, we plot also total coincidences recorded
without active filtering G+. Thus we can see, how heavy is the quantum filtering. The
success rate of the protocol is maximized at w = 55°. It is also confirmed by numerical
optimization of the success probability for the ideal protocol, where p is maximized
at w = 55.2°, which is in excellent agreement with our experimental observations.

Experimental imperfections which reduce process fidelity below 1 include devia-
tions of the interaction from ideal one (8.5), imperfection and decoherence of the source
and target qubits. In our case, main imperfections are caused by partially distinguishable
photons, imperfect retardation of wave plates, interference visibilities lower than one, and
imperfection of the partially polarizing beam splitter (PPBS).

Let us mainly discuss the last mentioned imperfection. Our real PPBS is not perfectly
transmitting horizontally polarized photons Ty # 1. The measured PPBS parameters are
Ty = 0.983, Ty, = 0.334. In such situation the true resulting state of target qubit |p)r

cannot be written as the ideal one in Egs. , 8.10) i) = (o) £ Blon)) /2 , but

its reads: 1
O r = —A{a[y(Ry — Ty)|H) + dryry|H) — tyty|V)]+

+ Blyrarv|V) £ 6(Ry — Tv)|V) F ytutv|H)]}/ V2.

This complicates the feed-forward action and the optimal state filtration. Because in such

(8.13)

situation the optimal state filtration depends not only on the initial target-qubit state,
but also on the unknown initial source-qubit state. Consequently, we decided not to con-
sider this PPBS imperfect splitting ratio in the calculation of HWPs settings in filter G+,
to keep it as simple as possible. Thus filter é+ is set for ideal PPBS with Ty = 1.

The effect caused by the PPBS imperfections plays a dominant role. The 1.7 % of
horizontal polarization of unknown source qubit creates a parasitic signal, which is only
partially attenuated by filter G+. When the initial state of the target photon becomes
close to H or V polarized one, then the heavy quantum filtering is required. The filter
transparency rapidly decreases out of the region w € [25°,80°], as is visible in Fig. 8.10(b).
It makes the protocol more sensitive to even small deviations as the parasitic coupling
of the unknown source signal in H polarization. With the heavy filtration the part of
parasitic signal starts to be comparable to the real signal, which substantially influences
the output target-qubit state.

36Where |po) = v|H) + 5ty |V), |¢1) =ty |H) + §(2Ty — 1)|V) depend only on Ty, because Ty = 1.
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Figure 8.10: (a) dependence of quantum channel fidelity F and (b) two-photon coincidence
counts on the initial target-qubit state determined by angle w. The results are shown for
three versions of the protocol: full implementation with both quantum filter and feed-
forward switched on(m); quantum filter set on but feed-forward switched off (¢), and both
filtering and feed-forward switched off (¥). The horizontal dashed line shows the classical
measure-and-prepare bound F = 2/3. The vertical dashed line indicates the setting w =
55° for which the channel matrices are plotted in Fig. 8.9. Solid lines indicate predictions
of a theoretical model that accounts for imperfections of the PPBS where the source and
target photons interfere. The data-sets with active feed-forward are measured directly,
while the data-sets without the feed-forward are acquired by exchanging of coincidences
C31 and (35 from previous data, it corresponds to feed-forward disconnection.

We include this PPBS imperfect splitting ratio (T # 1) into our theoretical model of
process fidelity, which is shown by solid curves in Fig. 8.10(a). It indicates the influence of
the imperfect qubits interaction at the PPBS in otherwise ideal protocol. As visible, the
major fidelity decrease is caused right by the PPBS imperfections. As a good example can
serve the green curve in Fig. 8.10(a) representing measurements with active state filtration
G+ and with active feed-forward loop. If the whole experiment was ideal, the process
fidelity would be F = 1 for any initial state of a target qubit. But, the reconstructed
process fidelity rapidly decreases, F < 0.9, out of the region w € [25° 75°], as it is
indicated right by the model.
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8.5.1 Additional material
In Fig. 8.11 a complex scheme of the experiment is shown. A photo of a forepart of
fibre-based MZI is shown in Fig. [8.12] A photo of the whole experiment is in Fig. 8.13.
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Figure 8.11: The complex scheme of the experimental setup for the faithful conditional quantum
state transfer between weakly coupled qubits. It depicts how the probe beam is coupled into the
setup and how the particular parts are connected together. LD - laser diode; F — flip beam-stop;
SPDC - spontaneous parametric down conversion - source of photon pairs; IF — interference
filter; PBS — polarizing beam splitter; C — coupling lens; HWP — half-wave plate; QWP —
quarter-wave plate; PPBS — partially polarizing beam splitter; FBS — fibre beam splitter; BD —
calcite beam displacers; PM — phase modulator; D — single-photon detector; AT — attenuation;
red line — free space beam; black line — polarization maintaining optical fibre PM-780HP; thick

yellow line — feed-forward loop with coaxial cables.

Figure 8.12: Photo of the forepart of the fibre-based MZI. There the target-qubit state
(orange) is re-encoded from polarization encoding to spatial one and probe beam (red) is
incoupled to the MZI via the second input port of the PBS2, as shown in Fig. 8.7.
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Figure 8.13: Photo of the experimental layout of the quantum state transfer between
weakly coupled qubits.
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Chapter 9

Conclusions

This Thesis is based on five original publications [1-5] and summarizes my main exper-
imental results, in the area of experimental linear quantum information processing and
quantum optics, produced during my Ph.D. studies.

As indicated, the experiments had a lot in common from the experimentalist’s point
of view. All of them utilized the platform of linear optics, employed the correlated photon
pairs generated by SPDC, used coincidence measurement with single-photon detectors,
and consisted of at least one fibre-based Mach-Zehnder interferometer, operating at single-
photon level, which was actively phase stabilized. Most of the experiments utilized the
feed-forward loop. We have realized a reliable and fast real-time electro-optical feed-
forward loop, which does not require high voltage and operates at single-photon level. It
conditionally applies a unitary operation onto one qubit that depends on measurement
outcome realized on the second qubit. The feed-forward experimental implementation is
based mainly on single-photon detector and integrated electro-optical phase modulator
included in fibre-based Mach-Zehnder interferometer. We implemented both the passive
and the active, i.e. electronically amplified, versions of the feed-forward loop. The fastest
implementation applied the unitary operation in approximately 25 ns from the photon de-
tection, as it was in detail described in Chapter 3 Methods and Tools. In our experiments,
the feed-forward loop was utilized for different tasks: to increase the success probability
of linear optical quantum gate [1], Chapter 4; to fully harness benefits of entanglement
state in discrimination strategy of quantum measurements [4], Chapter 5; as a part of
qubit state transfer protocol [2], Chapter 7, and as a part of quantum filter in quantum
state transfer protocol between weakly coupled qubits [5], Chapter 8.

The other important technique, which we have implemented, was sequential active
phase stabilization of complex interferometric layouts. The stabilization procedure was
briefly described in Chapter 3, Methods and Tools, however, the specifics of the particular
implementations were described in related chapters.

Chapter 4, based on publication [1], dealt with increasing efficiency of a linear-optical
quantum gate using the electro-optical feed-forward loop. We employed feed-forward
technique to double the success probability of a programmable linear-optical quantum
phase gate in its fibre-based implementation. We showed that its application does not
substantially affect either the process fidelity or the output-state fidelities.
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In Chapter 5, based on publication [2]|, we experimentally investigated the proper-
ties of particles, which are used as qubit carriers, but whose noninformational degrees of
freedom are nonfactorable. We can conclude that effective quantum indistinguishability,
as a key resource for quantum information processing, can be quantified by a directly
measurable parameter. We have experimentally demonstrated that this parameter repre-
sents a bound on the quality of quantum state transfer. We demonstrated it in a simple
linear-optical fibre-based implementation of the qubit state transfer protocol. From the
experimental results, it was confirmed that even if some degrees of freedom of two particles
are entangled, the particles can still serve as good carriers of qubits.

In Chapter 6, based on publication [3], we experimentally implemented perfect quan-
tum reading. We realized the fibre-based optical setup for perfect discrimination of two
optical “devices”, e.g. two memory records, which were represented by two beam split-
ters with different splitting ratios. A superposition of a single photon and vacuum was
entering the beam splitter during the measurement. Thus the discriminated device was
exposed in average just to a fraction of single-photon energy.

Subsequently, in Chapter 7, based on publication [4], we have experimentally imple-
mented optimal strategies for discrimination between two known projective single-qubit
quantum measurements. The experimental results clearly confirmed the advantage of the
entanglement-assisted discrimination scheme compared to a single-qubit probe scheme.
This experiment also demonstrates that the quantum optical technology is mature enough
to harness the benefits of entanglement in quantum device discrimination, although the
entanglement-based scheme is much more demanding than the single-qubit probe scheme.
It requires entanglement and real-time feed-forward. Our experimental findings provide
fundamental insight into the structure of optimal probabilistic discrimination schemes of
quantum measurements.

Chapter 8, based on publication [5], refers about the experimental realization of faith-
ful conditional quantum state transfer between weakly coupled photonics qubits. We
have experimentally verified the probabilistic yet perfect unidirectional transfer of un-
known single qubit source state through weak trace-decreasing interaction using optimal
measurement and irreducible quantum filtering on the target qubit. The suitable filtering
depends on the known initial target-qubit state, qubit-qubit interaction, and outcome of
the measurement on the source qubit. Dependence of the filter on this measurement result
is implemented by means of feed-forward. We experimentally proved that the method of
qubit state transfer is feasible and robust. It is universally applicable because the protocol
is not restricted to the photonic platform only. Therefore our proof-of-principle experi-
mental results could serve as a cornerstone for a broad class of qubit state transfers in
hybrid information processing, including atomic, solid state and optical qubits.

The main scientific contribution of this Thesis lies in the experimental implementation
of newly suggested linear optical quantum information protocols [1-5]. The presented
photonic experiments verify their experimental feasibility, robustness, and validate the
theoretical predictions. Achieved results also show, that experimental linear quantum
optics still serves as a suitable testbed for simulation of complicated processes.
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Strucéné shrnuti v cestiné

Tato disertacni prace je zalozena na péti origindlnich publikacich [1-5], které shrnuji mé
hlavni experimentélni vysledky zakladniho vyzkumu, které vznikly v prubéhu mého dok-
torského studia. Hlavnim cilem mého doktorského studia byla experimentalni realizace
novych linearné optickych kvantovych protokolu pro kvantové zpracovani informace ¢i
realizace samotnych fotonickych kvantovych hradel.

Jednotlivé realizované experimenty maji z experimentalniho hlediska mnoho spolecné-
ho. Vyuzivaly linearnich optickych prvkia objemové a vlaknové optiky, korelovanych paru
fotontu z degenerované spontanni parametrické sestupné konverze a aktivni elektrooptické
doptedné vazby. Kvantové bity byly v experimentech kédovany do polariza¢nich nebo
prostorovych stupnu volnosti jednotlivych fotonu. Jejich interakce byla zprostiedkovana
pomoci jednofotonové nebo dvoufotonové interference a nasledné detekce pomoci jedno-
fotonovych detektoru. Kazdy z experimentu obsahoval alespon jeden aktivné fazové sta-
bilizovany vlaknovy Machuv-Zehnderuv interferometr pracujici na jednofotonové trovni.
Pro slozitéjsi interferometricka usporadani byly vyvinuty komplexni metody aktivni stabi-
lizace. Soucasti vlaknového interferometru byly vzdy integrované elektrooptické vlaknové
fazové modulatory, které byly pouzity k zakédovani faze do stavu kvantového bitu, pro ak-
tivni stabilizaci interferometru, nebo jako soucast aktivni elektrooptické doptedné vazby.
Tato aktivni vazba podminéné zavadi unitarni operaci na jeden kvantovy bit, kde toto
podminéni je urceno vysledkem meéreni na druhém kvantovém bitu. Nejrychlejsi experi-
mentalni realizace této dopredné vazby zvladla zavést unitarni operaci na druhy kvantovy
bit za 25 ns od detekce prvniho fotonu detektorem.

VsSechny realizované experimenty byly post-selekéniho typu, a tedy vyslednd meétreni
byla realizovana za soucasné detekce obou fotonu jako koinciden¢nich méreni. Vystupem
experimentu tedy byla pravdépodobnost urcitého vysledku méreni. Pripadné byl stav
vystupniho kvantového bitu zjisfovan pomoci kvantové tomografie stavu nebo byl cely
experiment plné charakterizovan pomoci kvantové tomografie procesu. Tyto metody a
nastroje slouzici pro realizaci jednotlivych experimentu jsou strucné popsany v kapitole
Chapter 3, Methods and Tools.

Prvnim fesenym projektem, popsaném v kapitole 4 a vychézejicim z publikace [1],
byla experimentalni implementace linearné-optického programovatelného kvantového fa-
zového hradla, na némz bylo demonstrovano zvyseni pravdépodobnosti tspéchu hradla
pravé pomoci aplikace elektrooptické dopiedné vazby. Hradlo bylo kompletné charak-
terizovano pomoci kvantové tomografie procesu. Experimentalni vysledky ukézaly, ze
pouzitim doptedné vazby byla zdvojnasobena pravdépodobnost tispéchu hradla a zaroven
nebyla ovlivnéna fidelita vystupniho stavu ani fidelita procesu.
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Navazujicim projektem, popsaném v kapitole 5 a v publikaci [2], byl experimentalni
vyzkum vlivu nerozliSitelnosti ¢astic nesoucich kvantovou informaci na pfenos této infor-
mace. Byla navrzena nova mira efektivni nerozlisitelnosti castic, kterda muze byt pouzita
i pro kvantové provazané c¢astice v dalsich stupnich volnosti, tedy pro castice, které nejsou
ve faktorizovaném stavu. Pro experimentalni testovani této nové miry byl realizovan ex-
periment prenosu stavu kvantového bitu. Vysledky ukézaly, ze tato nova piimo méritelna
mira efektivni nerozlisitelnosti ¢astic reprezentuje redlnou hranici kvality protokolu pro
prenos kvantové informace.

Déle, jak je popsano v kapitole 6, zalozené na publikaci [3], byla realizovana experi-
mentdlni implementace jednoznaéného ¢teni pamétového zdznamu s vyuzitim co nejmensi
energie. Informace byla uloZena jako odrazivosti paméfovych bunék reprezentovanych
dvéma délici svazku s navzdjem ruznymi odrazivostmi. Cilem realizovaného experimentu
bylo jednoznacné rozlisit tato dvé ruzna zafizeni, délice svazku. V prubéhu méfeni do
zatfizeni vstupovala superpozice jednoho fotonu a vakua. Neznamé zatizeni tedy bylo
v prumeéru vystaveno pouze zlomku energie jednoho fotonu. Vysledky prokazaly, ze kvan-
tové Cteni je experimentalné realizovatelné timto zpusobem.

Dalsim projektem, ktery je popsén v kapitole 7, vychézejici z publikace [4], byla expe-
rimentalni realizace optimalniho rozliseni projektivnich kvantovych méfeni pomoci kvan-
tové provazaného stavu. Cilem bylo optimalné rozlisit dvé znama projektivni méreni na
polariza¢nich médech fotonu. Byla zkouména zavislost rozliSovaci strategie na pravde-
podobnosti nejednoznacénych vysledku, kdy sice nedochéazelo k jednoznacnému rozliseni
méricich bazi, ale vzdy tato strategie byla optimalni. Vysledna experimentalni data jasné
demonstrovala vyhodu strategie vyuzivajici kvantové provazané c¢astice pro rozliseni dvou
projektivnich méreni v porovnani se strategii vyuzivajici pouze jeden kvantovy bit.

Cilem posledniho popsaného experimentu v kapitole 8, zalozené na publikaci [5], bylo
prenést neznamy kvantovy stav jedné ¢astice na druhou, cilovou, ¢astici ve znamém kvan-
tovém stavu, i kdyz jejich vzdjemnd interakce je pouze slaba. Pro dokonceni tspésného
prenosu stavu kvantového bitu musela byt pouzita aktivni filtrace stavu, kterd zavisela
na puvodnim stavu cilového kvantového bitu, na vzdjemné interakci ¢dstic a rovnéz na
vysledku meéreni neznamého kvantového bitu. Vysledek tohoto méteni byl do kvantového
filtru zahrnut pomoci elektrooptické dopredné vazby. Experimentédlné jsme potvrdili, ze
tato metoda ptenosu stavu kvantového bitu mezi slabé interagujicimi ¢asticemi prenese
kvantovy stav bitu s vysokou vérohodnosti. Vzhledem k tomu, zZe tento protokol neni
omezen na fotonické kvantové bity, dosazené experimentalni vysledky mohou pomoci pti
realizaci prenosu stavu naptiklad v hybridnich kvantovych systémech.

Hlavnim védeckym piinosem mé disertacni prace byla experimentdlni implementace
noveé navrzenych linedrné optickych kvantovych protokolu pro kvantové zpracovani in-
formace [1-5]. Tyto prace experimentalné ovérily zakladni principy a uskutecnitelnost
navrzenych teoretickych protokolu v redlnych experimentalnich podminkéach. Dosazené
vysledky ukazuji, ze linearni kvantova optika stale slouzi i jako vhodné testovaci zarizeni
na simulaci slozitéjsich procesu.
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Abstrakt

Tato diserta¢ni prace je zalozena na péti origindlnich publikacich [1-5] a shrnuje hlavni
experimentalni vysledky, které vznikly béhem mého doktorského studia.

Prvni realizovany experiment testoval vyuziti elektro-optické doptedné vazby pro zvy-
Seni pravdépodobnosti tspéchu linedrné optickych hradel [1]. Experimentalni vysledky
ukazaly, ze doprednda vazba zdvojnasobila pravdépodobnost tspéchu linearné-optického
programovatelného kvantového fazového hradla aniz by ovlivnila kvalitu dosazenych vy-
sledku. Koncept zavedeni podminéné operace pomoci dopiedné vazby byl tspésné apli-
kovan i v dalsich realizovanych experimentech.

Nésledujici experimenty se zabyvaly prenosem kvantového stavu a rozliSovacimi stra-
tegiemi. Bylo sestrojeno experimentdlni zafizeni pro bezchybné rozliseni dvou optickych
pamétovych zdznamu reprezentovanych dvéma déli¢i svazku s navzdjem ruznymi odrazi-
vostmi [3]. Realizované zafizeni vyuzivalo nejmensi mozné energie, v priubéhu méteni byl
pamétovy zdznam vystaven v priméru pouze zlomku energie jednoho fotonu. Néslednym
projektem byla experimentalni realizace optiméalniho rozliseni dvou znamych projektivnich
kvantovych méfeni pomoci kvantové provazaného stavu [4]. Vyslednd experimentalni
data jasné demonstrovala vyhodu rozlisSovaci strategie vyuzivajici dvé kvantové provazané
¢astice v porovnani se strategii vyuzivajici pouze jeden kvantovy bit.

Daéle byl realizovan experiment pro pfenos stavu kvantového bitu. Experiment byl
vyuzit k ovéfeni nové navrzené, piimo méritelné miry efektivni nerozliSitelnosti ¢éstic,
ktera urcuje redlnou hranici kvality pfenosu kvantového stavu [2]. Zaroven jsme tuto
miru porovnali s bézné uzivanym prekryvem stavi, i kdyz prekryv stavu lze pouzit
pouze tehdy, jsou-li tyto ¢astice ve faktorizovaném stavu. Vysledky experimentu potvrdily,
Ze Castice mohou slouzit pro pienos kvantové informace, i kdyz jsou jejich dalsi stupné
volnosti provazané. Poslednim realizovanym experimentem byl pfenos neznamého kvan-
tového stavu mezi dvéma vzajemné slabé interagujicimi ¢dsticemi [5]. Pfenosu kvantového
stavu bylo dosazeno vhodnym méfenim fotonu, ktery nesl neznamy kvantovy stav, v kom-
binaci s aplikaci filtrace na stav cilového fotonu. Optimélni filtrace zavisi na vzajemné
interakci ¢astic, na vysledku méfeni a na puvodnim stavu ¢astice, na niz je neznamy stav
prendsen.

Vysledky téchto experimentu ptispély k rozvoji zakladniho vyzkumu v oblasti experi-
mentalni linearni kvantové optiky a kvantového zpracovani informace.

Klicova slova

Experimentélni kvantova optika, linearni optika, vlaknova optika, kvantové zpracovani
informace, elektro-opticka doprednd vazba, integrovany elektro-opticky fazovy modulator,
fotony, Machtv-Zehndertuv interferometr, sekvencni aktivni fazova stabilizace.
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Abstract

This Thesis is based on five original publications [1-5] and concludes my main experimen-
tal results reached during the years of my Ph.D. studies.

Firstly, we experimentally verify the possibility of increasing success probability of lin-
ear optical quantum gates utilizing an electro-optical feed-forward loop [1]. We find out
that the loop doubles the success probability of linear-optical programmable quantum
phase gate. Moreover, any gate parameters like a fidelity, purity etc. are not influenced.
The concept of a conditionally applied operation via the feed-forward loop is successfully
implemented into other experiments.

Further publications deal with quantum state transfer and discrimination tasks. We ex-
perimentally implement a device for perfect discrimination of two optical memory records
which are represented by two beam splitters with different splitting ratios [3]. For dis-
crimination, this device utilizes in average less than fraction of a single photon energy.
Further, we experimentally implement the device for optimal discrimination of two known
projective single-qubit quantum measurements [4]. The experimental results clearly con-
firm the advantage of the proposed more demanding entanglement-assisted discrimination
scheme compared to a single-qubit probe scheme.

A quantum state transfer is experimentally realized to examine particle properties.
A new measure of particles’ effective indistinguishability directly determines the fidelity
of the transferred state [2]. We compare it with commonly used overlap of quantum states
of particles, which is defined only for factorable states. The experimental results confirm
that even if some noninformational degrees of freedom of two particles are entangled,
the particles can still serve as good carriers of qubits. Finally, we experimentally realize
a faithful unidirectional qubit state transfer between two weakly interacting photonic
qubits [5]. The qubit state transfer is achieved by a combination of a suitable measurement
on the unknown qubit and a quantum filtering on the target qubit. The filtering depends
on the initial target-qubit state and on the outcome of the measurement applied on the
unknown qubit.

The results of these proof-of-principle experiments support scientific research in the
area of experimental linear-optical quantum information processing and quantum optics.

Key words

Quantum optics experiments, linear optics, fibre optics, quantum information processing,
electro-optical feed-forward loop, integrated electro-optical phase modulator, photons,
Mach-Zehnder interferometer, sequential active phase stabilization.
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Chapter 1

Goals of the Thesis and a brief
introduction

The aim of the Thesis is to comprehensively present experiments which were realized
during my Ph.D. studies. The goal of these proof-of-principle linear-optics quantum in-
formation processing experiments is to implement the suggested theoretical protocols,
verify their feasibility, robustness, and sensitivity to real conditions. Below, chapters de-
scribing the individual experiments are briefly introduced:

Chapter 2 describes the increase of success probability of a linear optical programmable
phase gate via successful implementation of the fast electro-optical feed-forward loop. The
probabilistic programmable phase gate itself was proposed by Vidal, Masanes, and Clirac
in 2002 [6]. For the first time, the gate was experimentally implemented using only bulk
linear-optical elements and reached only 25 % success probability [7]. We reached the the-
oretical limit of 50 % in the fibre-optics gate implementation via the fast electro-optical
feed-forward loop. We verified the increase of the success probability and characterized
the gate operation by means of quantum process tomography. We demonstrated that the
use of feed-forward loop affects neither the process fidelity nor the output state fideli-
ties. The Chapter 2 is based on a publication [1]: Martina Mikové, Helena Fikerova, Ivo

Straka, Michal Mi¢uda, Jaromir Fiurasek, Miroslav Jezek, and Miloslav Dusek. Increasing
efficiency of a linear-optical quantum gate using electronic feed-forward. Physical Review
A 85, 012305 (2012).

In Chapter 3, we have experimentally tested and verified the relevance of effective
indistinguishability of particles carrying qubits to quantum information transfer and pro-
cessing. In contrast to commonly used overlap of quantum states of particles, defined
only for factorable states, this measure can be generally applied to any joint state of the
particles. We test the new measure of effective indistinguishability on photons produced
by parametric down-conversion employed in a simple linear-optical quantum state trans-
fer protocol. There the measure directly determines the fidelity of the transferred state.
The experimental results confirmed that even if other degrees of freedom of two parti-
cles are entangled, the particles can still serve as good carriers of qubits. Chapter 3 is



CHAPTER 1

based on publication [2]: Martina Mikové, Helena Fikerovd, Ivo Straka, Michal Micuda,

Miroslav Jezek, Miloslav Dusek, and Radim Filip. Carrying qubits with particles whose
noninformational degrees of freedom are nonfactorable. Physical Review A 87, 042327
(2013).

In Chapter 4, there is described the experimental implementation of perfect quan-
tum reading of optical memory records utilizing the smallest possible energy amount.
We built the suggested device for perfect and unambiguous distinguishing between two
different memory records represented by two mutually different beam-splitters. During
the measurement, a superposition of a single photon and vacuum state entered into the
beam-splitter. The experimental results of the quantum reading showed that the memory
records can be perfectly distinguished even if they are in average exposed to a fraction of
photon energy and confirmed the theoretical predictions. Chapter 4 is based on publica-
tion [3]: Michele Dall’Arno, Alessandro Bisio, Giacomo Mauro D’Ariano, Martina Mikov4,

Miroslav Jezek, and Miloslav Dusek. Ezperimental implementation of unambiguous quan-
tum reading. Physical Review A 85, 012308 (2012).

In Chapter 5, we experimentally investigated optimal discrimination between two pro-
jective single-qubit measurements on polarization states of a single photon in a scenario
where the measurement can be performed only once. We investigated the discrimination
strategy in dependence on the amount of inconclusive outcomes. The experimental re-
sults demonstrate the advantage of discrimination strategy utilizing entanglement probe
state in comparison with unentangled single-qubit probes, for any nonzero rate of incon-
clusive outcomes. Chapter 5 is based on publication [4]: Martina Mikova, Michal Sedldk,

Ivo Straka, Michal Micuda, Mario Ziman, Miroslav Jezek, Miloslav Dusek, and Jaromir
Fiurasek. Optimal entanglement-assisted discrimination of quantum measurements. Phy-
sical Review A 90, 022317 (2014).

In Chapter 6, there is described the experimental demonstration of a procedure for
faithful quantum state transfer between two weakly interacting qubits. The scheme en-
ables a probabilistic yet perfect unidirectional transfer of an arbitrary unknown state of
a source qubit onto a target qubit prepared initially in a known state. The transfer is
achieved by a combination of a suitable measurement on the source qubit and a quantum
filtering on the target qubit. The filtering depends on the outcome of the measurement
on the source qubit, initial state of the target qubit, and qubits’ mutual interaction. We
experimentally verify feasibility and robustness of the transfer using a linear optical setup
with qubits encoded into polarization states of single photons. However, the theoreti-
cal suggestion of the transfer itself is not restricted to a particular experimental plat-
form. Chapter 6 is based on publication [5]: Martina Mikova, Ivo Straka, Michal Micuda,

Vojtéch Krémarsky, Miloslav Dusek, Miroslav Jezek, Jaromir Fiurasek, and Radim Fi-
lip. Faithful conditional quantum state transfer between weakly coupled qubits. Scientific
Reports 6, 32125 (2016).



Chapter 2

Increasing efficiency of a
linear-optical quantum gate using
electronic feed-forward loop

This chapter is based on the following publication:

[1] Martina Mikovd, Helena Fikerovd, Ivo Straka, Michal Mi¢uda, Jaromir Fiurasek,
Miroslav Jezek, and Miloslav Dusek. Increasing efficiency of a linear-optical quantum gate
using electronic feed-forward. Physical Review A 85, 012305 (2012).

Basic idea

As already mentioned, the probabilistic programmable phase gate is proposed by Vidal,
Masanes, and Cirac [6]. The gate rotates a single-qubit state along the z-axis of the Bloch
sphere. In other words, the arbitrary input state a|0) + §|1) is at the output of the gate
rotated in following way «|0) + €?3|1). In the simplest case, the angle of rotation, the
phase shift ¢, is programmed into the state of a single qubit. Thus according to [6] the
overall gate success probability is limited by 50 %. Let us stress, that this programmable
quantum phase gate has no classical analogy. An exact specification of the angle of
rotation ¢ would require infinitely many classical bits.

For the first time, the gate was experimentally implemented in 2008 [7]. It was based
on linear optics using bulk elements. Its success probability reached only 25 %. Later
in 2012, we showed how to increase the success probability of the gate to its quantum
mechanical limit of 50 %EI by means of electronic feed forward loop [1].

I started to work on this experiment during my Master’s studies. I have finished it at
the beginning of my Ph.D. studies. Therefore particular details about the experimental
layout are described in my Master’s thesis [8]. Here we focus mainly on the full charac-
terization of the gate by means of quantum process tomography.

!The success probabilities discussed here do not include signal attenuation due to technological losses.
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CHAPTER 2

Theory

Here I would like to stress, that the theoretical part of [1] is not my work. A part of the
theory directly related to the experiment is described below. For more details see also [6].

The programmable phase gate is a two-qubit gate, consisting of a data and a program
qubit. The gate can be experimentally implemented by the linear optical setup shown in
Fig. 2.1l The qubits are encoded into the states of single photons using spatial encoding.
It means, each qubit is represented by a single photon which may propagate into two
optical fibres. Basis states |0) and |1) correspond to the presence of the photon in the
first or the second fibre, respectively.

The gate performs a unitary evolution of the data qubit (D) which depends on the
state of the program qubit (P).

U(p) = 10)p{0] + *[1) p(1]. (2.1)

The program qubit contains information about the phase shift ¢ encoded in following

way [¢)p = (|0)p +€¥[1)p)/V2.
Without loss of generality, we can consider only pure input states of the data qubit
ltim)p = al0)p + B]1)p, where|a|® +|8|* = 1. Then the initial state of the gate is:

V) p®|thin)p = (a]0)p@[0) p+B]0) p® 1) p+ae?|1) p®|0) p+Be™?|1) p® 1) p) V2. (2.2)

The gate operation can be described as follows?| [0)p — [0)p, [1)p — |1)p, |1)p — [1)p,
|0)p — |0)p, modes corresponding to |1)p and |1)p are swapped. After passing though
the gate the overall state reads:

(@]0)p @ [0)p + Bl0)p @ [L)p + ae®|1)p @ 0)p + Be*|L)p @ [1)p)/V2. (2.3)

If we consider only cases when a single photon emerges in each output port of the gate (it
corresponds to the coincidence measurement), the conditional two-photon output state
is:

(al0)p @ [0)p + Be|1)p ® [1)p)/V2, (2.4)

(the normalization reflects the fact that the probability of this situation is 1/2). We can
rewrite this state as:

[(]0)p + Be™|1)p)®|+)p + (al0)p — Be**|1)p)@|=)p] /2, (2.5)

where |£)p = (|0)p £ |1)p)/V/2. If we realize a measurement on the program qubit in
the basis {|%)p}, then the output state of the data qubit collapses into one of the two
following states according to the result of the measurement:

[Yout)p = a|0)p £ Be|1)p. (2.6)

2 Notice, that each of these kets represents a single photon in one of four modes (fibres).

4



INCREASING EFFICIENCY OF LINEAR-OPTICAL QUANTUM GATE USING FEED-FORWARD

If the measurement outcome is |[+) p, then the unitary transformation U(y) is applied
to the data qubit. If the outcome is |—)p, then U(p + 7) is executed. Than the data-
qubit state acquire an extra m phase shift. The corrective phase shift of —7 is applied
via the food-forward loop PM. (However, in practice we apply a phase shift of = which is
equivalent.) Subsequently, the final output state of the data qubit reads:

[Yout)p = @|0)p + € B|1) p. (2.7)

Experiment

Scheme of the experimental setup is shown in Fig. 2.1.

Photon pair: Pairs of photons are created by type-II collinear frequency-degenerate
spontaneous parametric down conversion (SPDC) in a two-millimetre long BBO crystal
pumped by a diode laser (Coherent Cube) at 405 nm [9,/10] (it is not shown in the figure).
Photons of each pair are separated by a polarizing beam splitter and coupled into single-
mode fibres (780-HP). The same polarization states are set on both photons via fibre
polarization controllers (PCs).

o PM 0

Program
qubit

Photon
pair

State preparation Gate Output state analysis

Figure 2.1: Scheme of the experimental implementation of the programmable quantum
phase gate. FC — fibre coupler, VRC — variable ratio coupler, PM — phase modulator, FF
— electro-optical feed-forward loop, D — detector.

State preparation: By means of fibre beam splitters and phase modulators (PMs),
required input states of the program and data qubits are prepared. To prepare a program-
qubit state [1))p = (|0)p + €*|1)p)/v/2 the balanced beam splitter with fixed splitting
ratio 50:50 (FC) is used. An arbitrary state of the data qubit |i,)p = «|0)p + S|1)p is
prepared via the variable ratio coupler (VRC). All employed PMs are based on the linear
electro-optic effect in lithium niobate. Their half-wave voltages are roughly 1.5 V. These
PMs exhibit relatively high dispersion. Therefore, one PM is placed in each interferometer
arm in order to compensate dispersion effects. The overall phase of a quantum state is
irrelevant. It is equivalent to apply either a phase shift ¢ to |1) or —¢ to |0).

Gate: The gate itself consists of exchange of basis states of input qubits |1) p and |1)p

5
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(swap of two rails) and of the auxiliary measurement on the data qubit (see Fig. 2.1). The
measurement in basis {|2)p} is accomplished by a fibre coupler with fixed splitting ratio
50:50 and two single-photon detectors. Detectors D,g, Dgo, and Dg; belong to a quad
module SPCM-AQ4C (from PerkinElmer, with total efficiencies 50-60 %, dark counts
370440 s~!, response time 33-40 ns). A single module SPCM AQR-14FC is used as
D,i. It serves for the feed-forward operation, because of its faster response time (from
PerkinElmer, total efficiency about 50 %, dark counts 180 s~!, response time 17 ns, the
output electric pulse FWHM = 30 ns, height approximately 2.5 V).

To implement the feed forward, the signal from detector D, is led to a passive voltage
divider, in order to change the voltage level to the half-wave voltage level (~1.5 V). Then
it is directly led to the PM to change the phase shift by 7. Coaxial cables are as short as
possible. The total delay is 33 ns, it includes a response time of the detector and feed-
forward loop setting. To compensate this delay, photon wave-packets representing data
qubits are retarded by additional fibre delay lines (6,6-m-long fibre in each interferometer
arm). The timing of the feed-forward electric pulse and the photon arrivals to the PM are
precisely tuned. The coherence time of photons created by our SPDC source is 2 2 ps.

Output state analysis: The right-most block in Fig. 2.1 enables us to measure the
data qubit at the output of the gate in an arbitrary basis. These measurements are nec-
essary for the gate performance evaluation.

The experimental setup is formed by two interconnected Mach-Zehnder interfer-
ometers (MZI). Total lengths of shorter MZI arms are ~10.5 m (the upper interferometer
in Fig. 2.1). The arms lengths of the longer MZI are ~21.5 m (the lower interferometer in
Fig. 2.1). To balance the arm lengths we use motorized air gaps with adjustable lengths.
In MZI arms equipped with PMs without integrated polarizers we use air gaps also for
placing bulk polarizers and wave plates. They select the proper polarization mode of
PMs. To obtain high interference visibilities, the polarization states at the end of both
interferometer arms must be the same. It is ensured by the PCs.

To reduce the effect of the phase drift caused by fluctuations of temperature and
temperature gradients, we apply both passive and active stabilization. The experimen-
tal setup is covered by a shield minimizing air flux around components and both fibre
delay-lines are coiled on an aluminium cylinder which is thermally isolated. Besides, an
active stabilization’| is performed after each three seconds of measurement. It is based on
intensity measurements for phase shifts 0 and 7/2. If necessary it calculates the phase
compensation and applies corresponding corrective voltage to the phase modulator. This
guarantees a precision of the phase setting during the measurement period better than
7/200. For the stabilization purposes, we use the probe laser diode at 810 nm. To ensure
the same spectral range, both the probe beam and SPDC generated photons pass through
the same band-pass interference filter (spectral FWHM 2 nm, Andover). During active
stabilization, the source is automatically switched from SPDC to the probe beam.

3This stabilization procedure is implemented into the MATLAB code by H. Fikerova.



INCREASING EFFICIENCY OF LINEAR-OPTICAL QUANTUM GATE USING FEED-FORWARD

Measurement

To fully characterize the programmable quantum phase gate, we perform the quantum
process tomography . To see the influence of the feed-forward loop, we performed
the process tomography for both disconnected loop and active loop. We set various
combinations of input states and output measurements. From the measured data, we
reconstruct the process matrix Y.

For a fixed state of the program qubit, we used six different input states of the data
qubit, namely [0),]1),]£) = (|0) + [1))/v/2, and | £ ) = (]0) & i[1))/v/2. For each
of these input states, the output state of the data qubit is measured in three different
measurement basis, {|0), 1)}, {|£)}, and {| = 4)}. Each time we simultaneously measure
two-photon coincidence count rates between detectors Dyy & Dgg, Dpo & Dai, Dp1 & Dy,
D,1 & Dy in 12 three-second intervals. Unequal detector efficiencies are compensated
by proper rescaling of measured coincidence counts. This procedure is repeated for 7
phase shifts encoded into the program qubit, ¢ € {0,7/6,7/3,7/2,72/3,75/6,7} =
{0°,30°,60°,90°,120°,150°, 180°}. It is schematically shown in Fig .

Program qubit ¢ €{0°, 30°, 60°, 90°, 120°, 150°, 180°}
|$)p= |0>p+ ew“)P

1 Ddo
1. |0),
b PM
2.11) 0
gl VRC Dad1
4.1-),
5.1+% | "IN - Data qubit OUT - Data qubit

6. 1-i), [Wim)p= l0)p+ BI11),

Figure 2.2: Block scheme of the tomographic measurement of the programmable phase
gate with the feed-forward loop. FC — fibre coupler, VRC — variable ratio coupler, PM —
phase modulator, FF — electro-optical feed-forward loop, D — detector.

Results

From the measured data, we reconstruct Choi matrices x describing the function of the
gate for several different phase shifts . We utilize the maximum likelihood estimation
technique . In the upper part of Fig. there are examples of reconstructed Choi
matrices of the programmable phase gate for ¢ = 0, ¢ = 7/2 and ¢ = , respectively.
For comparison, in the lower part of Fig. 2.3, there are examples of ideal Choi matrices
of the gate for the same phases ¢ of the program qubit.
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rec.

IM

rec.

Figure 2.3: Choi matrices of the gate with active feed-forward loop. Upper Pink part
— reconstructed process matrices, they real (imaginary) parts are displayed in the first
(second) row. Lower Gray part — ideal process matrices, they real (imaginary) parts are
displayed in the third (fourth) row. The left, middle and right columns display process
matrices for ¢ =0, ¢ = 7/2 and ¢ = 7 encoded into the program qubit, respectively.

To quantify the quality of gate operation we calculate the process fidelity. If yiq is
a one-dimensional projector, then the common definition of the process fidelity is

8



INCREASING EFFICIENCY OF LINEAR-OPTICAL QUANTUM GATE USING FEED-FORWARD

Fro = Tr[xxial /(Tr[x] Tr[xia))- (2.8)

Here, xiq represents the ideal transformation of our gate. In particular,

xa= Y [){ile Ul iur, (2.9)

i,5=0,1

where U is the unitary operation applied by the gate.

We have also reconstructed density matrices of data qubit output states corresponding
to all input states. We calculate their fidelities and purities. The fidelity of output state
Pout is defined as F = (Vout|pout |Yout), Where |thon) = Ulthn) with [¢y,) being the (pure)
input state and pous = Trin[X(pL @ Lou)] ﬁ The purity of the output state is given as
P = Tr[p?,]. If the input state is pure, the output state is expected to be pure as well.

The left part of the Table shows process fidelities for seven different phase shifts
with active feed-forward loop. It also shows the average and minimal values of output
state fidelities and average and minimal purities of output states. Fidelities and purities
are averaged over six output states corresponding to six input states described above.
Also minimum values are related to these sets of states. Statistical errors are estimated
to be lower than 0.005 for process fidelities and lower than 0.01 for output-state fidelities
and purities. Deviations of the experimental values from the ideal ones are mainly due
to imperfections in splitting-ratio settings, phase fluctuations, polarization misalignment,
and partial distinguishability of the photons in a pair.

To evaluate how the feed-forward affects the performance of the gate, we have also
calculated process fidelities, output state fidelities and output state purities for the cases
when the feed-forward is not active. It means, that we select only the situations when
detector D, (corresponding to |[+) p) clicked and no corrective action is needed (like in Ref.
[7]). Coincidences are measured between detectors D,y & Dy and D, & Dy only. The
total coincidence rate (44 coincidences per second in average) is half in comparison with
the sum of all conclusive-result rates in the case with active feed-forward (88 coincidences
per second in average). Values of fidelities and purities are displayed in the right part of
the Table 2.1. One can see that there is no substantial difference between the operation
with feed-forward (success probability 50 %) and without feed-forward (success probability
25%). In particular, the process fidelity in the case with feed forward, averaged over all
7 phases, ]—";Vith = 0.976 + 0.003 and the average process fidelity in the case without feed-
forward fyitho“t = 0.979 + 0.005. The process fidelity remains unchanged and moreover
the gate success probability is doubled by the feed-forward loop.

4The input state is pi, = [1hin) (¥in|. Trin is trace over input Hilbert space. T' denotes transposition of
matrix and I denotes identity operation.
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WITH feed-forward, psuec = 50% || WITHOUT feed-forward, psuee = 25 %
2 I X F. av F min 7Dav Pmin F. X F. av F min 7Dav 7Dmin
0 0.976 0.985 0.970 0.974 0.947 || 0.977 0.985 0.973 0.975 0.953

7/6 | 0.977 0.986 0.972 0.975 0.951 | 0.975 0.985 0.972 0.973 0.949

w/3 || 0.977 0.985 0.970 0.975 0.943 || 0.988 0.989 0.971 0.980 0.946

w/2 || 0.974 0.983 0.973 0.975 0.953 || 0.979 0.986 0.976 0.976 0.957

27/3 | 0.978 0.987 0.962 0.988 0.961 || 0.981 0.989 0.966 0.982 0.935

57/6 | 0.972 0.981 0.953 0.974 0.944 || 0.974 0.984 0.961 0.976 0.947
T 0.980 0.987 0.975 0.977 0.961 || 0.979 0.986 0.977 0.978 0.960

Table 2.1: Process fidelities (F, ), average (F,y) and minimal (Fyn ) output-state fidelities,
average (Pay) and minimal (Pp,) output-state purities for different phases (¢). The left
part of the table shows the results with feed forward (psue = 50 %), while the right part
of the table shows the results without feed forward (psuee = 25 %).
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Chapter 3

Carrying qubits with particles whose
noninformational degrees of freedom
are nonfactorable

This chapter is based on the following publication:

2] Martina Mikovd, Helena Fikerova, Ivo Straka, Michal Micuda, Miroslav Jezek,
Miloslav Dusek, and Radim Filip. Carrying qubits with particles whose noninformational
degrees of freedom are nonfactorable. Physical Review A 87, 042327 (2013).

Basic idea

Here we experimentally investigate directly measurable parameter, D, quantifying effec-
tive indistinguishability of particles. This new measure can be used for an arbitrary
quantum state of particles, in contrast to the commonly used overlap of quantum states,
which is defined only for factorable states, for details see [2]. To show how distinguisha-
bility of particles used as information carriers affects quantum information processing we
design a relatively simple linear-optical quantum-state-transfer protocol. It depends only
on indistinguishability of particles, so we can exclude influence of other imperfections of
resources. We consider the transfer of a state of a source qubit (S) to a target qubit (7).
The qubits are represented by single-photons. The transfer is performed by a partial ex-
change of photons, optimal measurement on S, and conditional feed-forward correction on
T. We show that fidelity of the transferred state depends directly on D. The parameter
D not only quantifies the effective indistinguishability of particles but also determines an
upper bound of quantum state transfer quality. We show that particles can serve as good
carriers of qubits even if their internal degrees of freedom are entangled.

The suggested experimental layout follows the setup employed in previous publica-
tion [1]. This work [2], focused on the effective indistinguishability of particles quantifying
by the measurable parameter, is also summarized by my colleague Helena in her Master’s
thesis [14].
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CHAPTER 3

Theory

Here we show only a few parts of theoretical results of [2], which are directly related to
the experiment. The theory is work of my colleagues.

Let us have two particles, source S and target T, carrying the same qubit states
(only certain degrees of freedom are used for encoding qubit states). Subsequently, let
pe.st denotes the state, not necessarily separable, of all other (inaccessible) degrees of
freedom. Internal environmental E degrees of freedom can even be entangled with ex-
ternal environment. Clearly, these environmental degrees of freedom are responsible for
distinguishability of particles. The theory of quantum information processing requires all
resources to be in the same states which are decoupled from each other, in our notation
pE.sT = pe.s® per (their total state must be factorable) and pg ¢ = ppr (environmental
states of two spatially separated particles are indistinguishable). But these strict condi-
tions are not always fulfilled in practice.

Let us define a measure |D| quantifying a level of the effective indistinguishability of
particles carrying qubits as a mean value of a flip operator:

D ="Tr |:F PE,ST} y (31)

where F' is the flip operator acting on the joint environment of both particles, which ex-
change their basis states. The flip operator has two eigenvalues +1, thus —1 < Tr[Fp| < 1,
subsequently 0 <|D| < 1.

To demonstrate the relevance of effective indistinguishability |D|, we have proposed
and experimentally tested the simplest example of a quantum information transfer, where
| D| directly determines the quantum fidelity of the transferred state. It manifests a clear
operational meaning of the above defined effective indistinguishability.

We consider only equatorial states of the source qubit S

[0)s = (10)s +e¥[1)s)/ V2, (3.2)

where phase ¢ may be unknown during the transfer. This state should be transferred to
target qubit T' represented by another single photon, which is in state

(@) = (|0)r + [1)7)/V2 (3.3)

at the beginning. In our case, basis states |0) and |1) correspond to the presence of
the photon in the first or the second fibre, respectively. All other degrees of freedom,
all physical differences between the particles, are described by a density matrix of the
environmental state pg gr. So the overall initial state reads:

pini = [V) s (V| @ |®)7(P| @ pp,s7- (3.4)

To avoid, an imperfect interaction between qubits (which can also limit the quality of
the transfer) we consider implementation without any direct interaction. The transfer of
the quantum state is performed by a partial exchange of the photons. Thus we swap two
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CARRYING QUBITS WITH PARTICLES WHOSE NONINFORMATIONAL DEGREES OF
FREEDOM ARE NONFACTORABLE

rails between S and T see Fig. and it swaps some of basis states. Then the optimal
measurement on qubit S is performed, in the basis {|4)g}, where |£)s = (|0)s%[1)g)/Vv/2.
It is followed by conditional feed-forward correction on 7', which corrects the phase shift
of m (similarly like in previous Chapter 2). So we obtain the same output states of the
target qubit for both outcomes |+)g or |—)s of the measurement on the source qubit.

The resulting output state of the target qubit is:

1+D 1-D
pr = T|‘I’>S<‘If| + TN’L)S(‘I’LL (3.5)

where [U1)g = (|0)s — €*|1)5)/v/2 is the orthogonal complement to |¥),. The output
state pr (3.5)) corresponds to the original qubit state, |¥)g, disturbed by decoherence,
with its off-diagonal elements (in the computation basis) reduced by factor D.

In the case when |D| = 1, resources behave in the same way as if they are factorable
even if they actually are not. It means, they can be used for encoding of qubits even if
some of their degrees of freedom are e.g. entangled. Thus the output target qubit is the
same state as the source qubit.

©)r = (|0)r + ¥ [1)r)/V2 = |¥)s. (3.6)

Experimental quantum information processing and transfer often use photonic qubits
[15,16] encoded into photons generated by spontaneous parametric down-conversion (SPDC).
These photons represent a typical example of qubit carriers with internal degrees of free-
dom which may exhibit complex behaviour [17,/18]. The information is usually encoded
into polarization or spatial degrees of freedom but frequency degrees of freedom are entan-
gled. Thus parameter | D| quantifies effective indistinguishability of resources for quantum
information processing.

It can be shown by calculations [2] that the measured coincidence rate is:
R(At) x1—D (3.7)

The parameter D is obtained as:

D=1- Ry, (3.8)

where R, is normalized coincidence rate with respect to coincidence rate R, measured
far from the HOM dip position, where the particles are completely distinguishable,

Rye = R(At)/ Rous. (3.9)

In this experiment qubits are encoded into spatial modes. Thus the role of the “envi-
ronment” is played by frequency degrees of freedom. Parameter D can be really measured
only by means of a beam splitter and coincidence detection. It can be varied by changing
delay At between the two photons. Its negative values correspond to partially entangled
states containing vectors from anti-symmetric subspace.

If generated photons have a frequency spectrum with rectangular shape, with FWHM=wv
and central frequency wy/2 then D = sinc(Atv).

13



CHAPTER 3

Source
qubit

) Ddo
) Da1
0 0 VRC
State preparation Qubit transfer Output state analysis

Figure 3.1: Scheme of the experiment implementation of the qubit state transfer proto-
col. DL — delay line, FC — fibre couplers, VRC — variable ratio couplers, PM — phase
modulators, FF — feed-forward loop, D — detectors. The couplers and PMs in the State
preparation stage enable us to prepare required qubit states (each qubit is represented by
a single photon which may propagate in two optical fibres). In Qubit transfer stage, the
two rails are swapped and the auxiliary measurement on the source qubit is performed.
The middle PM applies conditional phase shift depending on the measurement result.
The PM is a part of the feed-forward loop and also the part of the protocol. Qutput state
analysis stage consists of PM and VRC, which serve for output state tomography.

Experiment

Our setup is depicted in Fig. 3.1. Photon pairs are created by collinear frequency-
degenerate type-II SPDC in a BBO crystal pumped at 405 nm. Both photons pass through
the same band-pass interference filter of approximately rectangular shape with central
frequency 810 m and spectral width (FWHM) 2.7 nm. Then they are separated by a po-
larizing beam splitter and coupled into single-mode fibres. One of the photons is retarded
by At in a delay line (DL) with adjustable length. By means of polarization controllers
both photons are set to have the same polarization states. Qubit states are encoded into
spatial modes of individual photons. Each basis state corresponds to a single photon in
one, |0), or in another, |1), of two optical fibres. Initial equatorial states of both qubits
are prepared using fibre couplers (FC and VRC) with splitting ratio 50:50 and integrated
electro-optical phase modulators (PMs). The source qubit is in the “unknown” equatorial
state and the target qubit is in initial state .

The key part of our device is the swap of two rails between source qubits and target
qubit followed by measurement on the source qubit. This measurement is performed in
basis (|0) & |1))/v/2 using a FC with fixed splitting ratio 50:50 and two single photon
detectors. When detector D,; clicks, phase correction 7 is applied on the target qubit by
means of feed-forward loop. The feed-forward uses a direct electric signal from detector
D.;. The electric signal is modified by a passive voltage divider to circa 1.5V and then it
is led to the PM (1.5 V corresponds to the phase shift of 7). Output states of target qubit
are characterized by quantum tomography. Different measurement bases are set by a PM
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CARRYING QUBITS WITH PARTICLES WHOSE NONINFORMATIONAL DEGREES OF
FREEDOM ARE NONFACTORABLE

and VRC. Photons are counted by detectors Dgg and Dg;. Small differences in detector
efficiencies are corrected numerically in data sets.

The whole experimental setup consists of two interconnected Mach-Zehnder interfer-
ometers. Lengths of their arms are balanced by motorized air gaps (not shown in the
figure). To reduce a phase drift caused by environmental influences, like air convection
and temperature fluctuations, the whole setup is covered and actively stabilized. After
each 3 s period of measurement the phase drifts are determined and compensated by
adding a proper correcting voltage on the PMs. The HOM dip , which we use for
characterization of input photons properties, is measured at the output VRC.

Measurements

The target qubit is prepared in state (3.3) and the source qubit is prepared in state (3.2)
with phase ¢ = 0°,30°,60°,90°,120°, 150°, 180°, in sequence. On the output we perform
measurement on the target qubit in three different bases: {|0), 1)}, {(]0) & [1))/+/2}, and
{(]0) £i[1))/v/2}, for each setting of input states. Each measurement consists of 15 three-
second measurement intervals interlaced by active stabilization. During the measurement,
the coincidences between detectors D, & Dgg, Dao & Dy, Dot & Dy, and D1 & Dy; are
accumulated. Each such measurement set is repeated 16 times with different delays At
between the input photons. It corresponds to 16 different positions in HOM dip. The
measurement is depicted in block scheme in Fig. [3.2,

To evaluate the parameter D, we measure the coincidence rate R(At) between de-
tectors Dgg & Dy, in each of these 16 positions in the HOM dip. Once, we measure
separately this coincidences in position far from the dip to obtain Rgy;.

Source qubit ¢ € {0°, 30°, 60°, 90°, 120°, 150°, 180°}
[P)s=10)s+e*|1)s
At - delay
between
photons

0, 11)}

16 positions

v
1 Ddo
PMg
VRC VRC Dad1
IN - Target qubit OUT - Target qubit

fixed: |®),=|0)+]1);

Figure 3.2: Block scheme of the final measurement of the qubit state transfer protocol.
FC — fire coupler, VRC — variable ratio coupler, PM — phase modulator, FF — electro-
optical feed-forward loop, D — detector, DL — delay line.
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CHAPTER 3

Results

The measured results are used to reconstruct output density matrices, pir¢, by means of
maximum-likelihood quantum tomography [12,13,20]. Reconstruction of density matrices
enable us to calculate various quantities including purity and overlap with corresponding
input states.

For each position in HOM dip, corresponding to certain delay At, we evaluate pa-
rameter D = 1 — Ry. Ry is the normalized coincidence rate R(At) between detectors
Dyo & Dg1 with respect to the coincidence rate measured far from the dip, Rou It is
obtained as Ry = R(At)/Rous-

Negative values of D correspond to the positions in the raised “shoulders” of the HOM
dip, as it is shown in the inset in the bottom right corner in Fig. |3.3] They reveal that
“environments” of our photons are entangled. The values of (¥|gs pr|¥)s lower than 0.5
mean that roles of states |U)g and |[U1)g are swapped (see Eq. 3.5).

According to the theory, overlap (¥|g pr|¥)g = 2 4D
%, see Eq. (3.5). Fig. 3.3 shows the overlap and the maximal eigenvalue as functions
of parameter D. Each point represents an average over all seven phases . Vertical error

and eigenvalues of pr are and

bars visualize standard deviations obtained from ensembles of measurements with different
phases. Due to various experimental imperfections (phase fluctuations, drift of splitting
ratios, etc.) they are greater than standard deviations calculated purely from Poissonian
photo-count distribution. But on the graph they are mostly smaller than the size of
symbols. Horizontal error bars reflect (Poissonian) statistical fluctuations of coincidence
rates R(At) and Rou. Average output state fidelity, [Tr(\/\/prpEcy/pr))?, (averaged over
all phases and all delays) was 99.2+£0.8 %. The measured HOM dip is shown in the lower
right inset of Fig. 3.3. Relative measurement error is less than 6 % in its minimum and
less than 2 % for maximal values. Dip visibility is 96.4 + 0.4 %.

1.0fos5f)—— ]
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=
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Figure 3.3: Dependence of the quality of qubit-state transfer on the parameter D. Red
circles denote the overlap of output and input states, (V|4 pr |V). Blue squares denote
maximal eigenvalues of output states pr. Straight lines are theoretical predictions. The
upper left inset magnifies the area where D is close to zero. The lower right inset sho
the measured Hong-Ou-Mandel dip, R, denotes relative (normalized) coincidence rate.

5This graph is originally plotted by M. Dusek. 16



Chapter 4

Experimental implementation of
perfect quantum reading of beam
splitters

This chapter is based on the following publication:

[3] Michele Dall’Arno, Alessandro Bisio, Giacomo Mauro D’Ariano, Martina Mikova,
Miroslav Jezek, and Miloslav Dusek. Ezperimental implementation of unambiguous quan-
tum reading. Physical Review A 85, 012308 (2012).

Basic idea

The next experiment implements unambiguous reading of optical memories using the
smallest possible amount of energy. The information is stored as a reflectivity of the
memory cell. The experimentalist challenge is to built theoretically suggested device [3]
which can perfectly and unambiguously distinguish two different memory records.

In the experiment, the memory cell is represented by a beam splitter. Two different
reflectivities of the beam splitter determine two memory records represented by two de-
vices, I and U. Our aim is to discriminate between these two devices. It corresponds to
reading of the memory record.

During the measurement process, a superposition of a single photon and vacuum enters
the unknown device (I or U). Thus the unknown device is in average exposed just to
the fraction of single-photon energy. The experimental results confirm the feasibility of
quantum reading.
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CHAPTER

Theory

The comprehensive theoretical background of ambiguous, unambiguous, and perfect quan-
tum reading is described in [3]. The theoretical part of this paper is work of our Italian
colleagues. Here we show only a part of the theory, directly related to our experiment.

One can be interested in discrimination between two unitary operations described by
unitary matrices U; and Us, where U; # Us,. These matrices can be written as U; = WTTW
and Uy, = WTUW , where I represents identity operation and W is a unitary matrix. Thus
discrimination between two general operations U; and Us is unitary-equivalent to discrim-
ination between [ and U. The special case of such unitary operation U is the action of
a beam splitter. Reflectivity of such beam splitter may convincingly represent an optical
memory record.

Let us call our two devices I and U according to the performed unitary operations.
Our aim is to discriminate between these two devices.

Device U is depicted in scheme . It is realized by a beam splitter V', with re-
flectivity Ry, and phase shifters acting on each input and output mode. But, in our
experimental realization, two —m /2 phase shifters on mode 1 are irrelevant and they can
be discarded. It is because the input mode 1 acts on a vacuum state and the output
mode 1 is immediately followed by a photo-detector. Without loss of generality, we can
also apply a cumulative phase shift of 7 on input mode 2 in front of beam splitter V. So
we can redefine device U as follows:

1
{ R ) E ) 1 -
2 (U =5 4 - 2 V|- (4.1)
—_— 52 r/2— —

Device I makes the identity operation. It is represented by a beam splitter with unit
reflectivity without any additional phase shifts:

1 1

2 I — 9 . (4.2)

The theoretical scheme for perfect quantum reading is experimentally feasible with
present quantum optical technology. The general setup consists of an MZI with beam
splitters B and Bf, acting on modes 2 and 3, see scheme . An additional beam
splitter, representing the unknown device, is inserted in the MZI arm corresponding to
mode 2. During the measurement procedure the unknown device is randomly chosen
from the set {I,U} with equal prior probabilities. The optimal strategy for quantum
reading i.e., the optimal discrimination between these two devices (beam splitters with
different reflectivities) is described by the following scheme where I1;, Iy and I1; denote
photo-counters:
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EXPERIMENTAL IMPLEMENTATION OF PERFECT QUANTUM READING OF

BEAM-SPLITTERS
@ (1)
9 LU
O FH—  H — I ). (4.3)
3 | B Bi
al

In our experimental setup, the unknown device is realized by a fibre beam splitter
with a variable splitting ratio, VRC-mid. The device U is represented by Ry # 1 plus a
cumulative phase of .

To provide optimal discrimination the reflectivity and transmissivity of beam splitters
vR 1

= —V, Tgp = ——. (4.4)

1+ VRy 1+ +Ry

The optimal measurement for perfect discrimination is implemented by three photocoun-
ters Iy, IIyy, and II;. The conditional probabilities px|y of photon detection by the
detector Ilx (X = U,U’,I) given that the unknown device is Y (Y = U, I) read:

puw =1 —+/ Ry, puryw = V Ry, prr =1, (4.5)

priv = pujr = purir =0

B must be given as:

Rp

Detecting a photon by the detector 1l or Il implies that the unknown device is U.
While a photon detection by the detector II; implies that the unknown device is I.

Experiment & Measurement

To demonstrate experimental feasibility of quantum reading we have built a laboratory
setup, shown in Fig. [1.1], for perfect discrimination of two beam splitters according to
scheme (4.3). It consists of a Mach-Zehnder interferometer (MZI) with an additional
beam splitter VRC-mid in its upper arm. The beam splitter has a variable splitting ratio
and it serves as the unknown device which has to be discriminated.

We use a heralded single photon source based on spontaneous parametric down con-
version (SPDC). Namely, we employ a collinear frequency-degenerate SPDC process with
type-1I phase matching in a 2 mm-long BBO crystal pumped by a cw laser diode (Coherent
Cube) at 405 nm. In this process pairs of photons at 810 nm are created. Photons from
each pair are separated by a polarizing beam splitter and coupled into single-mode optical
fibres. One of them is led directly to a trigger single-photon detector Dy (PerkinElmer
SPCM AQR-14FC) which heralds the creation of a pair. The second photon enters MZI
through a variable ratio coupler VRC-in.
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CHAPTER

INTERFEROMETER MEASUREMENT
L/
Cu
Vacuum

VRC-in

T Cu

D
Photon Ci
'palr TRIGGER D Dr

Figure 4.1: Scheme of the experimental implementation of perfect quantum reading. VRC
— variable ratio coupler, PM — phase modulator, D — detector, C — coincidence rate.

An additional variable ratio coupler, VRC-mid, represents the unknown device. When
its reflectivity equals one, Ry = 1, it corresponds to device I. To switch to device U one
has to set a required splitting ratio, Ry # 1, and apply additional phase shift of m,
see scheme (4.1). In the experiment phase shifts are introduced by electro-optical phase
modulators (PMs). Their half-wave voltages are ~1.5 V. These phase modulators exhibit
relatively high dispersion. Therefore one PM is placed in each interferometer arm in
order to compensate dispersion effects. In case of a device U we use the PM in the upper
interferometer arm to apply the additional phase shift of .

Output fibres from the interferometer and from the unknown device are connected to
single-photon detectors Dy, Dy, and D;. These detectors are parts of Perkin-Elmer quad

module SPCM-AQ4C.

To reduce the effect of the phase drift caused by air convection, fluctuations of tem-
perature, and temperature gradients, we apply both passive and active stabilization. The
experimental setup is covered by a shield minimizing air flux around the components.
Besides, after each three seconds of measurement an active phase stabilization of MZI is
performed. The stabilization procedur(ﬂ measures intensity for a phase shift of 7/2 and
if necessary it calculates phase compensation and applies corrective voltage to the phase
modulator in the lower interferometer arm. These results are in the precision of the phase
setting during the measurement period better than 7/200.

For each pair of devices U and I the proper splitting ratio of fibre couplers VRC-in
and VRC-out must be set to discriminate these devices optimally. Thus the MZI beam
splitters B, VRC-in and VRC-out, are set for relevant Ry according to eq. . We per-
form measurement for 11 different devices U with intensity reflectivities 0,0.1,0.2,..., 1.
For each pair of devices U and I the counts at detectors Dy, Dy, and D; are cumulated

6The stabilization procedure employed in this experiment is implemented into the MATLAB code by
H. Fikerové, within her Bachelor’s [21] and Master’s [14] thesis.
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BEAM-SPLITTERS

during 30 three-second measurement intervals interlaced by stabilization procedures. All
measurements are done in coincidence with the trigger detector Dp. It means we mea-
sure coincidence counts Cy, Cyr, Ct between detectors Dy & Dy, D7 & Dy, and Dy & Dy,
respectively, using 3 ns coincidence time window. These results are normalized to obtain
relative frequencies, f; = C;/(Cy + Cyr + Ct), where j = U,U’,I. Because, relative
frequencies can be directly compared with theoretical probabilities of photon detection.

Results

The final experimental results provided for the perfect quantum reading of devices U and [
are depicted below. Measured relative frequencies and theoretical probabilities are listed
in Table [4.1] and shown in Figure 4.2l The left parts of the table 4.1 and Fig. 4.2
summarize the results for devices U, while the right parts of the table 4.1 and Fig. 4.2
show the results obtained with device [ inserted. Each row in the table corresponds to one
pair of U and I with Ry being the reflectivity of a device U. It corresponds to different
MZI settings and alignments.

One can observe very good agreement between the theory and the experiment. Small
discrepancies appear mainly due to imperfections in splitting-ratio settings, phase fluc-
tuations, and polarization misalignment. In coincidence measurements the contribution
of detector noise is completely negligible and error bars are smaller than symbols in the
figure 4.2.

The advantage of the implemented setup is that in an ideal case there is one photon in
the output ports. It makes detection relatively easy. Nevertheless, it is still a superposition
of a single photon and vacuum what is entering the unknown device. So the unknown
device is exposed just to a fraction of energy of a single photon in average. Even if the
overall success probability of the setup is relatively low because of technological losses, we
were able to measure precisely the relative probabilities of all outputs and our experiment
convincingly validate the theoretical predictions.
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Figure 4.2: Results for devices U and I are shown in left and right graph, respectively.
Detection probabilities and measured relative frequencies are plotted as a functions of the
reflectivity Ry of VRC-mid. Where different reflectivities Ry of VRC-mid correspond to
different devices U and to appropriate settings of MZI.

[

device U device [
theory experiment theory experiment

Ry ‘ buviv  Puiu Pl fU|U fU’|U fI\U Pu|r Pu'1 Pii fUu fU’|I flu

0.0 || 1.000 0.000 0] 0.98 0.000 0.014 0 0O 1 |0.000 0.002 0.998
0.1 | 0.684 0.316 0] 0.680 0.295 0.025 0 0O 1 |0.000 0.012 0.988
0.2 || 0.553 0.447 0 | 0.551 0.440 0.009 0 0O 1 |0.000 0.018 0.982
0.3 || 0.452 0.548 0| 0.455 0.542 0.003 0 0O 1 |0.000 0.012 0.988
0.4 | 0.368 0.633 0] 0.369 0.623 0.008 0 0O 1 |0.000 0.023 0.977
0.5 1] 0.293 0.707 0 ]0.288 0.691 0.021 0 0 1 |0.000 0.022 0.978
0.6 || 0.225 0.775 0] 0.219 0.758 0.022 0 0 1 |0.000 0.014 0.986
0.7 || 0.163 0.837 0] 0.160 0.830 0.010 0 0O 1 |0.000 0.011 0.989
0.8 || 0.106 0.894 0 | 0.100 0.891 0.009 0 0 1 |0.000 0.013 0.987
0.9 || 0.0561 0.949 010.046 0.946 0.007 0 0O 1 |0.000 0.018 0.982
1.0 || 0.000 1.000 0| 0.000 0.980 0.020 0 0 1 |0.000 0.021 0.979

Table 4.1: Results for devices U and I are summarized in left and right part of the table,
respectively. Ry — reflectivity of VRC-mid in device U. Device U inserted in the MZI:
pulv, Pur|u, Priv — theoretical probabilities of photon detection at detectors Dy, Dy, Dy,
respectively, fu, furu, friv — relative frequencies measured at detectors Dy, Dy, Dy,
Device [ inserted inside the MZI:
puir, Pur i, Prir — theoretical probabilities of photon detection at detectors Dy, Dy, Dy,
respectively, fur, furr, fijr — relative frequencies measured at detectors Dy, Dy, Dy, re-
spectively (measured in coincidence with D).

respectively (measured in coincidence with Dy).

"These graphs were originally plotted by M. Dusek.
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Chapter 5

Optimal entanglement-assisted
discrimination of quantum
measurements

This chapter is based on the following publication:

[4] Martina Mikova, Michal Sedldk, Ivo Straka, Michal Mic¢uda, Mério Ziman, Mi-
roslav Jezek, Miloslav Dusek, and Jaromir Fiurasek. Optimal entanglement-assisted dis-
crimination of quantum measurements. Physical Review A 90, 022317 (2014).

Basic idea

In this chapter we experimentally investigate optimal discrimination between two pro-
jective single-qubit measurements M and N in a scenario where the measurement can
be performed only once [4]. We consider general discrimination strategiesﬁ] involving a
certain fraction of inconclusive outcomes, P;. It is shown that the optimal discrimination
procedure requires entangled probe state for any nonzero rate of inconclusive outcomes
P; > 0. Due to various experimental imperfections, it is necessary to include also addi-
tional erroneous conclusive results. Therefore we consider general discrimination scheme
where we maximize success probability Pg, hence minimize Pg, for a fixed fraction of Pp;
Ps + P+ Pp = 1. We experimentally implement this optimal discrimination strategy
for projective measurements on polarization states of single photons. Our setup is based
on linear optics, polarization maintaining fibre interferometers, and single-photon detec-
tors. The setup involves the real-time electro-optical feed-forward loop which allows us to
fully harness the benefits of entanglement in discrimination of quantum measurements.
The experimental data unequivocally confirm the advantage of entanglement-based dis-
crimination strategy as compared to our benchmark, provide by optimal discrimination
schemes using single-qubit probes without any entanglement.

8Where inconclusive results P; and conclusive erroneous results Pg are in general nonzero.
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CHAPTER 5

Theory

The theory in [4] is a work of my colleagues. Therefore, below is described only the part
of the theory directly related to the experiment. For more details regarding for example
the protocol optimality, please see the paper.

Optimal entanglement-assisted discrimination

The measurement bases M and N are illustrated in Fig. M(a). Without loss of generality,
the projectors specifying the measurements can be parametrized by a single angle 6,

My = |¢><¢|7 M, = |¢L><¢L|,

No— )Mol M= [61)w] &1)

where |¢) = cos0]0) +sind|1),  |p) =sind|0) — cosd|1),

. . (5.2)
[9) = cos0]0) —sind|1),  |¢T) = sind|0) + cosH|1),

and 0 < ¢ < 7. The most general discrimination strategy is depicted in Fig. 5.1(b). A two-
qubit entangled state |W);y is employed. The measurement that should be identified is
performed on qubit I, and the measurement outcome (0 or 1) specifies which measurement
is then performed on qubit II.

In what follows, we assume equal a-priori probabilities of these two measurements. In
such a case, as it is shown in [4], it is optimal to employ a maximally entangled singlet
Bell state |[¥~) = (|01) — [10))/v/2. If we observe measurement outcome 0 on qubit I,
then qubit II is prepared in state |¢1) or [¢1). Similarly, outcome 1 heralds that qubit II
is prepared in state |¢) or |¢). Since

|¢> = _UY|¢L>a W]) - UYl@Z}L)? (53)

we can apply the unitary operation oy = |0)(1] —|1)(0] to qubit II when the measurement
outcome on qubit I reads 0. Thus in this way the discrimination task of two quantum
measurements is converted to discrimination of two fixed non-orthogonal quantum states

|¢) and |¢)).

-
. ~

(@ N, |0> M, (b) M/N

M, I} N, =

Figure 5.1: (a) Single-qubit measurements M and N on a Bloch sphere. (b) General
measurement discrimination scheme involving entangled probe state. (c¢) Simple discrim-
ination scheme with single-qubit probe.

9These schemes were originally plotted by M. Sedlék.
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As shown by Ivanovic, Dieks, and Peres (IDP) [22-24], perfect error-free (Pg = 0)
discrimination between |¢) and |¢)) is possible if we allow for a certain probability of
inconclusive outcomes P; = [(1|¢)|. Explicitly, we have

Pp = P08 — ¢o5(26). (5.4)

Unambiguous discrimination requires a generalized 3-component POVM which can be
interpreted as a quantum filtering followed by a projective measurement on the filtered
state. The required filter has the form F = tan|0)(0| + |1)(1]| and the filtered states
become orthogonal, F|¢) = v/2sinf|+), and F|¢) = v/2sinf|—), where |£) = (|0) +
11))/v/2. The square of the norm of the filtered states is equal to the success probability
of unambiguous discrimination,

Pg = Py™™8 — 2in? 4, (5.5)

and Ps+ Pr = 1. Due to various experimental imperfections, we will in practice encounter
also the erroneous conclusive results occurring with probability Pg. This motivates us
to consider a general discrimination scheme where we maximize Ps, hence minimize Pg,
for a fixed fraction of inconclusive outcomes P;. The optimal filter then reads F =
£10)(0| + |1)(1], where f = /1 — P;/cos?#, and a projective measurement in basis |+)
should be performed after successful filtration similarly as before. This intermediate
strategy optimally interpolates between IDP [22-24] and Helstrom [25] schemes, and we

get [26427]
1 : Pr
Ps=—|(1— P +sin(20)4/1 — . (5.6)

2 cos2 0

It is convenient to consider also a relative probability of successful discrimination for the
subset of conclusive outcomes, ~

Pg = Ps/(1— Pp). (5.7)
The probability Ps increases with P; and Pg = 1 when P; = cos(26).

The optimality of the above protocol is proved by my colleagues in [4] with the help
of the formalism of process POVM [28,]29]. They show that the optimization of discrim-
ination of two projective qubit measurements becomes equivalent to optimization of the
discrimination of two quantum states |¢) and [¢) by a 3-component POVM.

Optimal discrimination with single-qubit probes

To elucidate the importance of the entanglement state in the task of discrimination mea-
surement, we provide a benchmark for the realized experiment. We determine the optimal
discrimination strategy with unentangled single-qubit probes, see Fig. 5.1(c). In this case
one has to guess M or N solely based on the measurement outcome on the probe qubit.
For more details about the optimal single-qubit discrimination strategy, see [4]. Here
we show only the result, which is used as the “classical” bound in Fig. There, it
is depicted by dashed lines for 7 different angles 6 determining 7 different pairs of the
measurement basis M and N.

25



CHAPTER 5

The optimal discrimination strategy is different for P < Py and Pr > Prp. The
transition point P r is obtained as a result of optimization procedure. Then the overall
success probability reads:

If Py > Prr, the success probability is:

Py = %(1 P+ %1 Sin(26)\/1 _ %. (5.8)

If P; < Prp, then the success probability is:

P P
Pg = (1 7 > Psp + : Psr. (5.9)
Prr

Where:
Prr = [1+4 3cos?(20) + 2 cos?(20)+/1 + 3 cos2(20)]/[2(1 + 4 cos?(26))],

Pso = [1 +sin(26)]/2,
Psr is given by equation [5.8| where P; is replaced with Py, thus
PS,T = (1 - PI,T)/Z -+ sm(29) \/1 - (1 - 2P]7T)2/COSZ(20)/4.

To compare it with the previous case of optimal entanglement-assisted discrimination,
we consider also the relative probability of successful discrimination for the subset of
conclusive outcomes Pg, given by equation .

For unambiguous discrimination (Pg = 0) with a single-qubit probe the success prob-
ability is given as Py""”® = [1 — c0s?(26)]/2, and P}"*™"¢ = [1 4 cos®(26)]/2.

Experiment

Our experimental demonstration of entanglement-assisted discrimination of quantum mea-
surements is based on linear optics and qubits encoded into states of single photons. The
scheme of our experimental setup is shown in Fig. [5.2] Time-correlated orthogonally po-
larized photon pairs are generated by the process of collinear frequency-degenerate type-I1
spontaneous parametric down-conversion in a 2 mm thick BBO crystal pumped by a CW
laser diode at 405 nm. A post-selected two-photon polarization singlet Bell state |¥™) is
prepared by interfering the vertically polarized signal photon and horizontally polarized
idler photon at a balanced beam splitter (BS). The state is characterized by quantum
state tomography and we observed purity > 98% and fidelity > 99%.

In the main experiment, the measurement that should be identified is performed on
the first photon of the entangled pair [¥~). The measurement basis (M or N) is set
by rotating a half-wave plate HWP1 in front of the polarizing beam splitter PBS1. We
associated the basis states |0) and |1) with diagonal |D) and anti-diagonal |A) linear
polarizations, respectively. Namely, |¢) = cos@|D) + sinf|A) and similarly for other
measurement-basis states. Measurement outcomes 0 and 1 are indicated by clicks of
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Figure 5.2: Scheme of the experimental setup for optimal entanglement-assisted discrim-
ination of quantum measurements; BS — bulk beam splitter 50:50, FBS — fibre beam
splitter 50:50, PBS — polarizing beam splitter, HWP — half-wave plate, C — collimating
lens, PM — phase modulator, D — single-photon detector, VRC — variable ratio coupler
which determines the amount of inconclusive results, SPDC — source of the photon pairs.

detectors Dy and D1, respectively. Polarization state of the second photon is transformed
to path encoding with the help of PBS2 and the photon is coupled into the first of two
serially connected fibre-based Mach-Zehnder interferometers (MZI1). Thus, polarization
states |V) = (|D)+|A))/v2 = |+) and |H) = (|D) — |A))/v/2 = |-) are then represented
by a photon propagating in the lower and upper interferometer arm, respectively. We
employ polarization maintaining fibres which suppressed unwanted changes of photon’s
polarization state during its propagation in the fibres. Both interferometers MZI1 and
MZI2 are thermally isolated and actively stabilized to reduce phase drifts caused by
temperature fluctuations and air flux. If detector Dy registers a photon then an electronic
feed-forward loop [1] conditionally changes the state of the second photon in MZI1 by
applying a m-phase shift in the lower interferometer arm. This results in transformation
|p1) — |¢) and |1) — |¢) which is equivalent to the conditional application of unitary
operation oy in Eq. up to an exchange of the role of |¢) and [)).

The discrimination problem is thus reduced to a discrimination between two single-
qubit states |¢) and |1). Behind the balanced fibrecoupler FBS1 propagation of a photon
through the upper (lower) arm corresponds to the state [0) (|1)). A variable-ratio coupler
(VRC) placed in the upper arm of MZI2 is used as a variable attenuator of the amplitude
of the basis state |0), hence it implements the filter F'. Projection onto the superpo-
sition states |£) is achieved using the final balanced fibre coupler FBS2 and detectors
D, and Dg. To determine the probability of inconclusive events, additional detector Dy
is used to monitor the output of the tunable fibre coupler VRC.
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Measurement

For each basis X = M, N we measure 6 two-photon coincidences C5f represented by simul-
taneous clicks of pairs of detectors D; & Dy, wherei = 0,1, and k = A, B, I. We measured
the relative detection efficiencies 7;, 1 of the detectors, and their influence is compensated
by rescaling the measured coincidence rates as Ciy — Ci /(nimx). The measurement time
is the same for both bases which corresponds to equal a-priori probabilities of M and N.
The probabilities Py and Py are then determined as Py = (C4 + CM + O, + CL5) /Ciot
and Pr = (C}f + CM + Cfy + C)/Cior, where Ciyy denotes the sum of all 12 measured
coincidence rates.

Measurement of entanglement based intermediate strategy: We perform mea-
surements for 7 values of 0 = j7/30,j = 1,2,3,4,5,6,7 (0 = 6°,12°,18°,24°,30°, 36°, 42°).
For each #, the transmittance of VRC is varied from 1 to 0.1 with the step of 0.1, i.e.
T =0.1,0.2,0.3,...,1.0. For each splitting ratio of VRC and each setting of HWP1, 70
repetitions of 1.5-s-long measurements (interlaced by active stabilization) is performed.
The measurement is schematically shown in Fig. |5.3

Measurement of entanglement based unambiguous discrimination: We have
carried a separate test for 11 different 6, = arctan(y/T,,) corresponding to transmittances
of the VRC, T, varied from 1 to 0 with a step of 0.1, i.e. T, = 0.0,0.1,0.2,...,1.0. The
measurement is also schematically shown in Fig. 5.3.

C E Transmittance T of VRC determines
P« T
5$?0 = the amount of inconclusive results P
\

signal intermediate: T € (0.1, 1), step 0.1
HWP

unambiguous: T € (0, 1), step 0.1
{ HWP H.o| BS
Vpo\

Rotation of HWP1 determines A
the measurement basis M or N \z\?

intermediate:

\
7 values of angle ¢ S =
(14 positions of HWP1) Vol v ?e /.
=/

for each T of VRC

unambiguous: D - FBS1
11 values of angle ¢ 0

(22 positions of HWP1)

Figure 5.3: The scheme of the optimal entanglement-assisted discrimination of quantum
measurements — for the intermediate and unambiguous strategies; SPDC — source of pho-
ton pairs, HWP — half-wave plate, (F)BS — (fibre) beam splitter 50:50, PBS — polarizing
beam splitter, C — collimating lens, PM — phase modulator, D — single-photon detector,
VRC - variable ratio coupler (It determines the amount of the inconclusive results.)
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Results

Resulting dependences of Ps on P; for general intermediate strategies are plotted in
Fig. 5.4. Obtained data are plotted by circles together with the theoretical curves repre-
senting the maximum Ps achievable by the optimal entanglement-assisted protocol (solid
lines) and by using the single-qubit probes (dashed lines). Statistical errors of the results
are smaller than the size of symbols. We can see that for certain 6§ and P; the experi-
mental entanglement-based discrimination indeed outperforms the best strategy without
entanglement. The slight reduction of the experimentally observed Py with respect to
the theoretical prediction could be attributed to various experimental imperfections such
as phase fluctuations inside MZIs, imbalance of MZIs arms lengths, small deviations in
phase and polarization settings, slightly unbalanced splitting ratios of beam splitters, and
small imperfections in the input singlet state. As indicated by the theoretical curves,
the entanglement-based protocol theoretically outperforms the single-qubit scheme for all
P; > 0. The entanglement thus does not help only in the regime of minimum error dis-
crimination (P; = 0) where the optimal success probability [1+sin(26)]/2 can be achieved
by a single-qubit probe prepared in state |+).

Figure 5.4: Optimal entanglement-assisted discrimination of measurement bases M and
N. Dependence of relative success probability Ps on probability of inconclusive results P;
is plotted for 7 values of §; = jn/30, j = 1,2,3,4,5,6,7 (values for each # are depicted by
one colour). The value of j increases from bottom to top. Shown are the experimental data
(circles) as well as the maximum Pg achievable by the optimal scheme using entangled
state (solid lines), and using single-qubit probes only (dashed lines).
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Unambiguous discrimination with a single-qubit probe is possible only if the probe
is prepared in a state orthogonal to one of the projectors , say [9) = |[¢1). The re-
sulting probability of inconclusive outcomes P& — [1 4 cos?(26)]/2 is larger than
the probability cos(26) achieved by the entanglement-based scheme and the difference
increases with 6. The experimental results of entanglement based unambiguous discrim-
ination for 11 different 0, are plotted in Fig. [5.5. They are in good agreement with the
theory. The probability of errors Pr (which should theoretically be zero) does not exceed
3.2%. It is caused by experimental imperfections. The statistical errors of the results are
smaller than the size of symbols.
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Figure 5.5: Entanglement based unambiguous discrimination of quantum measurements
M and N. Probabilities Ps (o), P; (3J), and Pg (+) are plotted as functions of the VRC
splitting ratio T),. Lines represent theoretical predictions.
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Chapter 6

Faithful conditional quantum state
transfer between weakly coupled
qubits

This chapter is based on the following publication:

[5] Martina Mikova, Ivo Straka, Michal Mi¢uda, Vojtéch Krémarsky, Miloslav Dusek,
Miroslav Jezek, Jaromir Fiurasek, and Radim Filip. Faithful conditional quantum state
transfer between weakly coupled qubits. Scientific Reports 6, 32125 (2016).

Basic idea

This last described experiment is devoted to demonstration of faithful conditional quan-
tum state transfer between weakly coupled qubits. We use a linear optical setup with
qubits encoded into polarization states of single photons. This platform serves as a suit-
able testbed for proof-of-principle verification of our protocol, whose applicability is, nev-
ertheless, universal and by no means limited to photonic qubits.

Our scheme enables a probabilistic yet perfect unidirectional transfer of an arbitrary
unknown state of a source qubit onto a target qubit prepared initially in a known state.
The transfer is achieved by a combination of a suitable measurement on the source qubit
and quantum filtering on the target qubit. The quantum filtering depends on the outcome
of the measurement on the source qubit, initial state of target qubit and on mutual
interaction of qubis.

In this way, quantum state can be transferred between various physical platforms or
one can create a hybrid entangled state.
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Theory

The theoretical part of [5] is done by my colleagues. Here, we mention only a part of the
theory necessary for good understanding of the protocol and its experimental realization.

Figure 6.1: Quantum state transfer protocol. The initial state |¢))s of the source qubit S
can be arbitrary and unknown. The goal is to transfer any state of source S to target
T, initially in a known fixed state |g)7. The state transfer requires some interaction
(unitary or probabilistic) between the source S and target T' qubits. The transfer is
performed by optimal measurement and feed-forward loop with optimal filter controlled
by the measurement result and prior information about the initial target state |g)z.

Single qubit transfer: The goal of the universal quantum state transfer protocol is to
faithfully map any quantum state |¢)s = a|0)s+ 5|1)s of a source qubit S onto the target
qubit 7" that is initially prepared in a known fixed state |g)7, as illustrated in Fig.|6.1} The
source qubit could even be initially entangled with some ancillary qubit. For clarity of
subsequent presentation, we shall consider a generic pure initial state of the source qubit
|)s. To make our treatment sufficiently general, we allow for both deterministic and
probabilistic interactions V between the source and target qubits, hence V can be either
a unitary operation or a non-unitary quantum filter satisfying VIV < I. We thus consider
the most general class of noiseless quantum interactions. The interaction V creates an
entangled state of source and target qubits,

VIe)slg)r = a|®o)sr + B|®1) s, (6.1)

where |®;)sr = V| J)slg)r. In the next step of the protocol we erase the correlations
between source and target qubits by a projective measurement on the source qubit. If
we project the source qubit onto a pure state |m)g, we prepare the target qubit in the
following pure state,

)T = aldo)r + Blé1)T, (6.2)

where |¢;)r =g (m|®;)sr. Note that states |¢o) and |¢1) are generally non-orthogonal,
(¢o|p1) # 0, and they are not normalized and their norms can differ, (¢o|do) # (¢1|p1).
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To complete the quantum state transfer we need to transform the two non-orthogonal
states |¢o) and |¢;1) onto normalized orthogonal basis states |0) and |1), respectively.
Provided that |¢g) and |¢;) are linearly independent, this can be accomplished by a
suitable quantum filter G applied to the target qubit,

1
(@5161)

G- L (#|o><¢f|+

N \16t1o0) i) (03

Here |¢;) denotes a qubit state orthogonal to 9;), (¢51¢;) = 0, and N is a normalization
factor. We emphasize that the filter G does not depend on the input state |)s of the
source qubit, it depends only on the initial state of the target qubit |g)r, the interaction
V, and the state |7)s onto which the source qubit is projected. After filtering, the state
of the target qubit becomes equal to the input state of the source,

Glo)r = (a]0) + BI1))r /N, (6.4)

and the probability p of success of the transfer protocol reads 1/|N|>. To reach maximal
probability of success, N has to be set such that the maximum singular value of G is
equal to 1 and G'G < [ is satisfied. The probability of success can be also maximized by
optimization of the measurement strategy and enhanced by the feed-forward loop, which
allows us to exploit both outcomes of projective measurement on the source qubit. The
overall success probability of the protocol is discussed later.

Example of the interaction: To illustrate our method, we consider as an instructive
example a class of symmetric probabilistic two-qubit interactions described by an operator
V' diagonal in the computational basis,

V' = (00)(00] + ¢;]01)(01| + 1]10)(10] + t41]11)(11], (6.5)

where 1,t17 € [—1,1]. It turns out that in this case it is advantageous to measure the
source qubit in the balanced superposition basis |+) = \%(\O) +1)). After some algebra
we find that the conditional states of the target qubit corresponding to these two outcomes
differ only by a sign in the superposition,

i) = (o) & Blér))r / V2. (6.6)

It implies that the quantum filters é+ and G_ associated with the measurement out-
comes + and — differ only by a fixed unitary transformation, G_ = UWCALF, where
U, = [0)(0] — |1)(1]. The whole protocol can be therefore implemented using a fized
quantum filter CA¥+ followed by a feed-forward-controlled unitary phase shift. This greatly
simplifies the experimental implementation of the protocol.
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Linear-optical emulation of the interaction: For the proof-of-principle demon-
stration of the state transfer protocol we use linear optics and qubits encoded into polar-
ization states of single photons.

We thought about the suitable non-trivial interaction between single photons. Finally,
we decided to make our study generic and test our procedure in the regime of weakly cou-
pled qubits. Thus for the interaction between single photons, we utilize interference on
a partially polarizing beam splitter (PPBS) that is fully transmitting for horizontally
polarized photons and only partially reflecting for vertically polarized photons, with cor-
responding amplitude transmittance ty,. We post-select on presence of a single photon in
each output port of PPBS [30], then the interference results in the two-qubit transforma-
tion (|6.5) with parameters t; =ty and t1; = 2t%, — 1.

source BD o n-BD o
S H| |V
T o
QWP "'H_ HUZ
HWP
target PPBS
qubit G
h |
HWP
HWP1
PBS1

Figure 6.2: Simplified scheme of the experimental setup for the faithful conditional quan-
tum state transfer between weakly coupled qubits. PPBS — partially polarizing bulk beam
splitter (T = 0.983, Ty = 0.334); FBS — fibre beam splitter (47.6:52.4); G — adaptive
state filtration G+; PBS — polarizing beam splitter; HWP — half-wave plate; QWP —
quarter-wave plate; BD — calcite beam displacer; PM — phase modulator; D — single-
photon detectors; thinner red line — free space beam; thicker black line — single mode
polarization maintaining optical fibre PM-780HP; thick yellow line — feed-forward loop
with coaxial cables.

34



CONDITIONAL QUANTUM STATE TRANSFER BETWEEN WEAKLY COUPLED QUBITS

Experiment

Time correlated photon pairs are generated in the process of frequency degenerate para-
metric down-conversion and fed to the input of the experimental setup shown in Fig. [6.2]
Arbitrary input states of source and target qubit can be prepared by a combination of
quarter-wave plate (QWP) and half-wave plate (HWP). The qubits interact at a partially
polarizing beam splitter (PPBS) with transmittance Ty, = ¢ = 0.334. Subsequently,
the source qubit is measured in the basis of diagonal linear polarizations using a single-
photon polarization detection block consisting of a half-wave plate HWP1, a polarizing
beam sphtter PBS1 and two single photon detectors D3 and D4. The polarization filter
G+ = U,DU, on the target photon is implemented with the help of calcite beam displac-
ers (BD) and half-wave plates, see the inset in the upper part of Fig. 6.2. The half-wave
plates at the input and output of the filter implement the unitary operations U, and Us.
Selective attenuation of vertical or horizontal polarization is implemented by a suitable
rotation of half-wave plates inserted inside an interferometer formed by the two calcite
beam displacers. Since a beam displacer introduces a transversal spatial offset between
vertically and horizontally polarized beams, these two polarization components become
spatially separated inside the interferometer and can be individually addressed [31-33].

The conditional 7 phase shift on the target qubit is applied by means of an active
electro-optical feed-forward loop [1,34,135]. To facilitate its experimental realization, we
couple the target photon into fibre-based Mach-Zehnder interferometer (MZI), thus con-
verting the polarization qubit into qubit encoded in which way information. A sufficiently
long optical fibre delays the photon and provides time necessary for processing the elec-
tronic signal produced by the single photon detector D3 whose click indicates projection
of source qubit onto state |—). This signal is amplified and fed to an integrated lithium-
niobate phase modulator PM1 inserted in one arm of the fiber interferometer, thereby
applying the conditional 7 phase shift to state |1)7. The required stability of the setup is
reached by thorough isolation from the environment and, simultaneously, by active phase
stabilization of MZI every 1.5 s to reduce phase drifts caused by remaining temperature
and air-pressure fluctuations below 2° during the measurement.

The experimental imperfections which reduce the fidelity below 1 include partially
distinguishable photons, imperfect retardation of wave plates, interference visibility lower
than one, and imperfection of the partially polarizing beam splitter, which is not perfectly
transmitting for horizontally polarized photons, and the experimentally determined hori-
zontal transmittance is Ty = 0.983. This latter effect plays dominant role when the initial
state of the target photon becomes close to horizontally or vertically polarized one. Heavy
quantum filtering is required in such cases, as illustrated in Fig. (b), which makes the
protocol more sensitive to parasitic coupling in horizontal polarization.

Real-time feed-forward control: When the source qubit is detected by D4 corre-
sponding to projection onto |+), then filter G+ is applied and no other action is needed.
Thus the phase inside MZI is set to 0° and the qubit state remains unchanged. The output
target qubit is in the same state as the input source qubit.
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However, it is not the case, when the source qubit is detected by D3 correspond-
ing to projection onto |—). Then, the correct quantum filter G_ has to be applied to
change the target-qubit state. The quantum filter G_ differs from quantum filter G, only
about fixed unitary operation U,. This conditional application of the unitary operation,
triggered by the click of detector D3, requires a real-time feed-forward loop. PM1 in the
fibre-based MZI is a part of the loop. Via it a conditional m-phase shift is applied between
MZI arms, see Fig. 6.2. After the successful application of G_ , the output target-qubit
state is |¢')r = —(a|0)+3|1))/v/2. Again, it is in the same state as the input source qubit.

The total success probability of state transfer is given by a sum of two contributions,

ot
NP NP

p (6.7)
where N_ is the normalization factor of G_. The success probability of the result with
a sign + and — is included in the normalization factor 1/|N|? and 1/|N_|?, respectively,
because the filter @, determined by eq., employs not normalized states.

The probabilistic nature of the quantum state transfer protocol is the price to pay for
a faithful transfer of all states with unit fidelity. The quantum filter G is an essential part
of the protocol. The average fidelity of states obtained without filtering may even
drop below the limit of 2/3, which is achievable by a purely classical measure-and-prepare
strategy.

Measurement

It is important to verify the experimental feasibility, robustness and reliability of the
quantum state transfer protocol and probe its potential limitations caused by various
practical imperfections. Therefore, we experimentally test the quantum state transfer
protocol for 17 different initial states of target photon, |g)r = cosw|0) + sinw|1), with
w € {5°,10°,15°,...,85°}. For each choice of |g)r we perform a full quantum process
tomography of the resulting single-qubit quantum channel £ describing the state transfer
from source qubit to target qubit. The measurement process is schematically depicted in
Fig. and data acquisition is described below.

For each of 17 initial target-qubit states, we realize 36 combinations of 6 input source-
qubit states and 6 output projective measurements on target qubit. In all cases, we
measure coincidence rate C;; of two detectors Di & Dj normalized to their relative detec-
tion efficiencies, where ¢ € {3,4} and j € {1,2}.

To show the importance of the state filtration after the weak interaction, we charac-
terize the protocol both with the filter G active and switched off (HWPs in G are set
to 0°, thus the HWPs do not influence the H and V' polarization states). The rate of
coincidence events depends on w (initial target-qubit state) and whether the filter G+ is
active or switched off as shown further in Fig.6.5(b). Therefore the whole measurement
is repeated several times to accumulate sufficient amount of data.

107, includes application of the quantum filter é+ followed by the feed-forward action applying phase
shift of 7, G_ = U,G.
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Figure 6.3: Scheme of data acquisition of quantum state transfer between weakly coupled
qubits. Colour boxes show settings during measurement cycles. PPBS — partially polariz-
ing beam splitter; FBS — fibre beam splitter 50:50; PBS — polarizing beam splitter; HWP
— half-wave plate; PM — phase modulator; D — single-photon detector. G — quantum
filter G,

Results

We characterize the resulting single-qubit quantum channel £ describing the state transfer
from the source qubit to the target qubit. This quantum channel can be conveniently
represented by a matrix y, which is a positive semidefinite operator on Hilbert space
of two qubits. Physically, the quantum process matrix of a quantum channel £ can be
obtained by taking a pure maximally entangled Bell state |®1) = %(|00> + |11)) and
sending one of the qubits through the channel £. A perfect state transfer corresponds to
the identity channel whose matrix x is equal to a projector onto Bell state |®7).

From measured data sets Choi process matrices y are estimated for each initial target-
qubit state |g)r, using the maximum-likelihood algorithm. In Fig. we plot the re-
constructed process matrices for w = 55° with the calculated values of process fidelity
F, purity P, and concurrence C. To show the importance of the state filtration and
the feed-forward in our protocol, we first switch off both of these operations, while ac-
cepting all coincidences. This emulates the situation when we have information that
the interaction V between the source and the target qubit took place, but we do not
perform any measurement on the source qubit (which can be inaccessible) and do not
apply any operation to the target qubit. The resulting noisy quantum channel is shown
in Fig. 6.4(a). If we switch on the fixed quantum filter Gy but keep the feed-forward
switched off, we obtain the quantum channel plotted in Fig. 6.4(b). The theory predicts
that the fixed filtering should yield a dephasing channel represented by a diagonal op-
erator xpc = |00)(00| + |11)(11|, and our data are in very good agreement with this
theoretical expectation. Note that the dephasing channel is the best we can get without
having access to measurement results on the source qubit, because the correlations present
in the entangled state of source and target qubits destroy any phase coherence in the re-
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duced density matrix of the target qubit. Finally, if we switch on also the feed-forward,
we achieve faithful state transfer, with the resulting channel being close to the identity
channel, see Fig. 6.4(c). In particular, compared to Fig. 6.4(b), the off-diagonal elements
of the channel matrix are recovered, as the feed-forward ensures preservation of quantum
coherence between the computational basis states.

Figure 6.4: The reconstructed channel matrices x for w = 55°. The first and the second
row show real and imaginary parts of the reconstructed matrix, respectively. For ease of
comparison, all matrices are normalized such that Tr(x) = 1. The matrices are plotted for
three scenarios: (a) - red - both filtering and feed-forward are switched off, F = 22.0 %,
P =598 %, C =0.3%; (b) - - filter is set on but feed-forward is switched off,
F =485%, P =49.6 %, C = 6.6 %; (c) - green- full implementation with both quantum
filter and feed-forward switched on, F = 95.7 %, P = 94.6 %, C = 92.3 %; where F —
fidelity, P — purity, and C — concurrence of the process matrix.

Subsequently, we provide the quantitative characterization of the quantum state trans-
fer protocol performance in dependence on initial target-qubit state specified by angle w.
For each Choi matrix, we determine quantum process fidelity JF, which is defined as a
normalized overlap of the channel matrix y and the Bell state |®*). These results are sum-
marized in Fig. 6.5(a). We achieve high fidelity with maximum F = 95.8 % at w = 50°.
Figure 6.5(b) simultaneously illustrates dependence of the success rate of the protocol on
the initial target-qubit state. For each w we plot the sum of all measured two-photon
coincidences which is proportional to the success probability p. Since the same measure-
ments are carried out for each w and the measurement time is kept constant, the data for
various w are directly comparable. For reference, we plot also total coincidences recorded
without active filtering G+. Thus we can see, how heavy is the quantum filtering. The
success rate of the protocol is maximized at w = 55°. It is also confirmed by numerical
optimization of the success probability for the ideal protocol, where p is maximized
at w = 55.2°, which is in excellent agreement with our experimental observations.
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Figure 6.5: (a) dependence of quantum channel fidelity F and (b) two-photon coincidence
counts on the initial target-qubit state determined by angle w. The results are shown for
three versions of the protocol: full implementation with both quantum filter and feed-
forward switched on(m); quantum filter set on but feed-forward switched off (¢), and both
filtering and feed-forward switched off (¥). The horizontal dashed line shows the classical
measure-and-prepare bound F = 2/3. The vertical dashed line indicates the setting w =
55° for which the channel matrices are plotted in Fig. 6.4. Solid lines indicate predictions
of a theoretical model that accounts for imperfections of the PPBS where the source and
target photons interfere. The data-sets with active feed-forward are measured directly,
while the data-sets without the feed-forward are acquired by exchanging of coincidences
C31 and (5, from previous data, it corresponds to feed-forward disconnection.
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Chapter 7

Conclusions

This Thesis is based on five original publications [1-5] and summarizes my main exper-
imental results, in the area of experimental linear quantum information processing and
quantum optics, produced during my Ph.D. studies.

As indicated, the experiments had a lot in common from the experimentalist’s point
of view. All of them utilized the platform of linear optics, employed the correlated photon
pairs generated by SPDC, used coincidence measurement with single-photon detectors,
and consisted of at least one fibre-based Mach-Zehnder interferometer, operating at single-
photon level, which was actively phase stabilized. Most of the experiments utilized the
feed-forward loop. We have realized a reliable and fast real-time electro-optical feed-
forward loop, which does not require high voltage and operates at single-photon level. It
conditionally applies a unitary operation onto one qubit that depends on measurement
outcome realized on the second qubit. The feed-forward experimental implementation is
based mainly on single-photon detector and integrated electro-optical phase modulator
included in fibre-based Mach-Zehnder interferometer. We implemented both the pas-
sive and the active, i.e. electronically amplified, versions of the feed-forward loop. The
fastest implementation applied the unitary operation in approximately 25 ns from the
photon detection. In our experiments, the feed-forward loop was utilized for different
tasks: to increase the success probability of linear optical quantum gate [1], Chapter 2; to
fully harness benefits of entanglement state in discrimination strategy of quantum mea-
surements [4], Chapter 3; as a part of qubit state transfer protocol [2], Chapter 5; and
as a part of quantum filter in quantum state transfer protocol between weakly coupled
qubits [5], Chapter 6.

The other important technique, which we have implemented, was sequential active
phase stabilization of complex interferometric layouts. The stabilization procedure was
briefly described in chapter Methods and Tools, however, the specifics of the particular
implementations were described in related chapters.

Chapter 2, based on publication [1], dealt with increasing efficiency of a linear-optical
quantum gate using the electro-optical feed-forward loop. We employed feed-forward
technique to double the success probability of a programmable linear-optical quantum
phase gate in its fibre-based implementation. We showed that its application does not
substantially affect either the process fidelity or the output-state fidelities.
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In Chapter 3, based on publication [2]|, we experimentally investigated the proper-
ties of particles, which are used as qubit carriers, but whose noninformational degrees of
freedom are nonfactorable. We can conclude that effective quantum indistinguishability,
as a key resource for quantum information processing, can be quantified by a directly
measurable parameter. We have experimentally demonstrated that this parameter repre-
sents a bound on the quality of quantum state transfer. We demonstrated it in a simple
linear-optical fibre-based implementation of the qubit state transfer protocol. From the
experimental results, it was confirmed that even if some degrees of freedom of two particles
are entangled, the particles can still serve as good carriers of qubits.

In Chapter 4, based on publication [3], we experimentally implemented perfect quan-
tum reading. We realized the fibre-based optical setup for perfect discrimination of two
optical “devices”, e.g. two memory records, which were represented by two beam split-
ters with different splitting ratios. A superposition of a single photon and vacuum was
entering the beam splitter during the measurement. Thus the discriminated device was
exposed in average just to a fraction of single-photon energy.

Subsequently, in Chapter 5, based on publication [4], we have experimentally imple-
mented optimal strategies for discrimination between two known projective single-qubit
quantum measurements. The experimental results clearly confirmed the advantage of the
entanglement-assisted discrimination scheme compared to a single-qubit probe scheme.
This experiment also demonstrates that the quantum optical technology is mature enough
to harness the benefits of entanglement in quantum device discrimination, although the
entanglement-based scheme is much more demanding than the single-qubit probe scheme.
It requires entanglement and real-time feed-forward. Our experimental findings provide
fundamental insight into the structure of optimal probabilistic discrimination schemes of
quantum measurements.

Chapter 6, based on publication [5], refers about the experimental realization of faith-
ful conditional quantum state transfer between weakly coupled photonics qubits. We
have experimentally verified the probabilistic yet perfect unidirectional transfer of un-
known single qubit source state through weak trace-decreasing interaction using optimal
measurement and irreducible quantum filtering on the target qubit. The suitable filtering
depends on the known initial target-qubit state, qubit-qubit interaction, and outcome of
the measurement on the source qubit. Dependence of the filter on this measurement result
is implemented by means of feed-forward. We experimentally proved that the method of
qubit state transfer is feasible and robust. It is universally applicable because the protocol
is not restricted to the photonic platform only. Therefore our proof-of-principle experi-
mental results could serve as a cornerstone for a broad class of qubit state transfers in
hybrid information processing, including atomic, solid state and optical qubits.

The main scientific contribution of this Thesis lies in the experimental implementation
of newly suggested linear optical quantum information protocols [1-5]. The presented
photonic experiments verify their experimental feasibility, robustness, and validate the
theoretical predictions. Achieved results also show, that experimental linear quantum
optics still serves as a suitable testbed for simulation of complicated processes.
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Strucéné shrnuti v cestiné

Tato diserta¢ni prace je zalozena na péti origindlnich publikacich [1-5], které shrnuji mé
hlavni experimentalni vysledky zdkladniho vyzkumu, které vznikly v prubéhu mého dok-
torského studia. Hlavnim cilem mého doktorského studia byla experimentalni realizace
novych linedrné optickych kvantovych protokolt pro kvantové zpracovani informace ¢i
realizace samotnych fotonickych kvantovych hradel.

Jednotlivé realizované experimenty maji z experimentalniho hlediska mnoho spolec¢né-
ho. Vyuzivaly linearnich optickych prvki objemové a vldknové optiky, korelovanych para
fotonu z degenerované spontanni parametrické sestupné konverze a aktivni elektrooptické
doptedné vazby. Kvantové bity byly v experimentech kédovany do polariza¢nich nebo
prostorovych stupnu volnosti jednotlivych fotonu. Jejich interakce byla zprostiedkovana
pomoci jednofotonové nebo dvoufotonové interference a nasledné detekce pomoci jedno-
fotonovych detektoru. Kazdy z experimentu obsahoval alespon jeden aktivné fazové sta-
bilizovany vlaknovy Machuv-Zehnderuv interferometr pracujici na jednofotonové trovni.
Pro slozitéjsi interferometricka usporadani byly vyvinuty komplexni metody aktivni stabi-
lizace. Soucasti vlaknového interferometru byly vzdy integrované elektrooptické vldknové
fazové modulatory, které byly pouzity k zakédovani faze do stavu kvantového bitu, pro ak-
tivni stabilizaci interferometru, nebo jako soucast aktivni elektrooptické doptedné vazby.
Tato aktivni vazba podminéné zavadi unitarni operaci na jeden kvantovy bit, kde toto
podminéni je urceno vysledkem meéreni na druhém kvantovém bitu. Nejrychlejsi experi-
mentalni realizace této doptedné vazby zvladla zavést unitarni operaci na druhy kvantovy
bit za 25 ns od detekce prvniho fotonu detektorem.

Vsechny realizované experimenty byly post-selekéniho typu, a tedy vyslednd meétreni
byla realizovana za soucasné detekce obou fotonu jako koincidenénich méfeni. Vystupem
experimentu tedy byla pravdépodobnost urcitého vysledku méreni. Pripadné byl stav
vystupniho kvantového bitu zjisfovan pomoci kvantové tomografie stavu nebo byl cely
experiment plné charakterizovan pomoci kvantové tomografie procesu. Tyto metody a
nastroje slouzici pro realizaci jednotlivych experimentu jsou stru¢né popsany v praci, v
kapitole Methods and Tools.

Prvnim fesenym projektem, popsaném v kapitole 2 a vychézejicim z publikace [1],
byla experimentalni implementace linearné-optického programovatelného kvantového fa-
zového hradla, na némz bylo demonstrovano zvyseni pravdépodobnosti tispéchu hradla
pravé pomoci aplikace elektrooptické dopiedné vazby. Hradlo bylo kompletné charak-
terizovano pomoci kvantové tomografie procesu. Experimentalni vysledky ukézaly, ze
pouzitim dopiedné vazby byla zdvojnasobena pravdépodobnost tspéchu hradla a zaroven
nebyla ovlivnéna fidelita vystupniho stavu ani fidelita procesu.
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Navazujicim projektem, popsaném v kapitole 3 a v publikaci [2], byl experimentalni
vyzkum vlivu nerozliSitelnosti ¢astic nesoucich kvantovou informaci na pfenos této infor-
mace. Byla navrzena nova mira efektivni nerozlisitelnosti castic, kterda muze byt pouzita
i pro kvantové provazané c¢astice v dalsich stupnich volnosti, tedy pro c¢astice, které nejsou
ve faktorizovaném stavu. Pro experimentalni testovani této nové miry byl realizovan ex-
periment prenosu stavu kvantového bitu. Vysledky ukézaly, ze tato nova piimo méritelna
mira efektivni nerozliSitelnosti ¢astic reprezentuje redlnou hranici kvality protokolu pro
prenos kvantové informace.

Déle, jak je popsano v kapitole 4, zalozené na publikaci [3], byla realizovana experi-
mentdlni implementace jednoznaéného ¢teni pamétového zdznamu s vyuzitim co nejmensi
energie. Informace byla uloZena jako odrazivosti pamétovych bunék reprezentovanych
dvéma délici svazku s navzdjem ruznymi odrazivostmi. Cilem realizovaného experimentu
bylo jednoznacné rozlisit tato dvé ruzna zafizeni, délice svazku. V prubéhu méfeni do
zalizeni vstupovala superpozice jednoho fotonu a vakua. Neznamé zarizeni tedy bylo
v prumeéru vystaveno pouze zlomku energie jednoho fotonu. Vysledky prokazaly, ze kvan-
tové cteni je experimentalné realizovatelné timto zpusobem.

Dalsim projektem, ktery je popsén v kapitole 5, vychézejici z publikace [4], byla expe-
rimentalni realizace optiméalniho rozliseni projektivnich kvantovych méfeni pomoci kvan-
tové provazaného stavu. Cilem bylo optimdlné rozlisit dvé znama projektivni méfeni na
polariza¢nich médech fotonu. Byla zkouména zavislost rozliSovaci strategie na pravde-
podobnosti nejednoznacénych vysledku, kdy sice nedochéazelo k jednoznacnému rozliseni
méiicich bazi, ale vzdy tato strategie byla optimalni. Vysledna experimentalni data jasné
demonstrovala vyhodu strategie vyuzivajici kvantové provazané castice pro rozliseni dvou
projektivnich méteni v porovnani se strategii vyuzivajici pouze jeden kvantovy bit.

Cilem posledniho popsaného experimentu v kapitole 6, zalozené na publikaci [5], bylo
prenést nezndmy kvantovy stav jedné ¢astice na druhou, cilovou, ¢astici ve znamém kvan-
tovém stavu, i kdyz jejich vzdjemnd interakce je pouze slaba. Pro dokonceni tspésného
prenosu stavu kvantového bitu musela byt pouzita aktivni filtrace stavu, kterd zavisela
na puvodnim stavu cilového kvantového bitu, na vzdjemné interakci ¢dstic a rovnéz na
vysledku méreni neznamého kvantového bitu. Vysledek tohoto méreni byl do kvantového
filtru zahrnut pomoci elektrooptické doptedné vazby. Experimentdlné jsme potvrdili, ze
tato metoda prenosu stavu kvantového bitu mezi slabé interagujicimi ¢asticemi prenese
kvantovy stav bitu s vysokou vérohodnosti. Vzhledem k tomu, zZe tento protokol neni
omezen na fotonické kvantové bity, dosazené experimentalni vysledky mohou pomoci pti
realizaci prenosu stavu naptiklad v hybridnich kvantovych systémech.

Hlavnim védeckym piinosem mé disertacni prace byla experimentdlni implementace
nové navrzenych linearné optickych kvantovych protokolu pro kvantové zpracovani in-
formace [1-5]. Tyto prace experimentalné ovéfily zakladni principy a uskutecnitelnost
navrzenych teoretickych protokolu v redlnych experimentalnich podminkéch. Dosazené
vysledky ukazuji, ze linearni kvantova optika stale slouzi i jako vhodné testovaci zarizeni

vvvvvv
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