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0.1. ABSTRACT )

0.1 Abstract

Coherently converting photons between different states offers intriguing new
possibilities and applications in quantum optical experiments. In this thesis
three experiments on this theme are presented.

The first experiment demonstrates the quantum frequency conversion of po-
larization entangled photons. Coherent frequency conversion of single pho-
tons offers an elegant solution for the often difficult trade-off of choosing
the optimal photon wavelength, e.g. regarding optimal transmission and
storage of photons in quantum memory based quantum networks. In our
experiments, we verify the successful entanglement conversion by violating a
Clauser-Horne-Shimony-Holt (CHSH) Bell inequality and fully characterised
our close to unity fidelity entanglement transfer using quantum state- and
process tomography. Our implementation is robust and flexible, making it a
practical building block for future quantum technologies.

The second part of the thesis introduces a deterministic scheme for photonic
quantum information processing. While single photons offer many advan-
tages for quantum information technologies, key unresolved challenges are
scalable on-demand single photon sources; deterministic two-photon interac-
tions; and near 100%-efficient detection. All these can be solved with a single
versatile process — a novel four-wave mixing process that we introduce here
as a special case of the more general scheme of coherent photon conversion
(CPC). It can provide valuable photonic quantum processing tools, from scal-
ably creating single- and multi-photon states to implementing deterministic
entangling gates and high-efficiency detection. Notably, this would enable
scalable photonic quantum computing. Using photonic crystal fibres, we
experimentally demonstrate a nonlinear process suited for coherent photon
conversion. We observe correlated photon-pair production at the predicted
wavelengths and experimentally characterise the enhancement of the inter-
action strength by varying the pump power. We further explain how current
technology can provide a feasible path towards deterministic operation. Our
scheme could also be implemented in opto-mechanical or superconducting
systems which can exhibit extremely strong intrinsic nonlinearities.

The third experiment demonstrates the creation and verification of discrete
color entanglement. We experimentally create high-quality, discretely color-
entangled states by transferring polarization entanglement of non-degenerate
photons onto the color. We then unambiguously verify and quantify the
amount of entanglement by reconstructing a restricted density matrix. Our
technique can be generalized to transfer polarization entanglement for exam-
ple onto orbital angular momentum.
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0.2 Zusammenfassung

Koherent Photonen zwischen verschiedenen Zustanden zu konvertieren eroff-
net faszinierende neue Moglichkeiten und Anwendungen in Quantenoptik-
Experimenten. In dieser Arbeit werden drei Experimente zu dieser Thematik
vorgestellt.

Das erste Experiment demonstriert Quanten-Frequenzkonversion von polar-
isationsverschrankten Photonen. Kohéarente Frequenzkonversion einzelner
Photonen bietet eine elegante Losung fiir den oft schwierigen Kompromiss
die optimale Wellenlange zu finden: beispielsweise beziiglich der optimalen
Ubertragung und Speicherung in Quantennetzwerken. In unseren Experi-
menten verifizieren wir die erfolgreiche Konversion der Verschrankung durch
die Verletzung einer Clause-Horne-Shimony-Holt (CHSH) Bell-Ungleichung.
Ausserdem wird der fast optimale Verschrankungstransfer genau durch Quan-
tenzustands - und Quantenprozess - Tomografie charakterisiert. Unsere Im-
plementation ist robust und flexibel und dadurch ein geeigneter Baustein fiir
zukiinftige Quantentechnologien.

Der zweite Teil der Arbeit widmet sich der Vorstellung eines neuen deter-
ministischen Schemas zur photonischen Quanteninformationsverarbeitung.
Wiéhrend einzelnen Photonen viele Vorteile fiir Quanteninformationstech-
nologien aufweisen, sind die bisher ungelosten Herausforderungen determin-
istische Einzelphotonen-Quellen, deterministische Photon-Photon Wechsel-
wirkungen sowie nahe 100% effiziente Detektion. All diese konnen mit einem
einzigen, vielseitigen Prozess gelost werden — einem Vier-Wellen-Mischungs-
Prozess der hier als Spezialfall des generellerem Schemas der ”Koharenten
Photonen-Konversion” vorgeschlagen wird. Dies kann viele, wertvolle Werk-
zeuge flir die Quantenverarbeitung bereitstellen, angefangen von skalierbaren
Multi-Photonen-Quellen, iiber die Implementation von deterministischen Ver-
schrankungsgattern bis hin zur Ermoglichung hocheffizienter Einzelphoto-
nen-Detektion. Beachtlicherweise wiirde sogar skalierbares optisches Quan-
tencomputing ermoglicht. In unserem Experiment demonstrieren wir mit
Hilfe von Photonischen-Kristall-Fasern einen Vier-Farben nichtlinearen Pro-
zess, der fiir die ”"Koharente Photonen-Konversion” geeignet wére. Dafiir
weisen wir die Erzeugung korrelierter Photonenpaare bei den vorhergesagten
Wellenlangen nach und bestimmen quantitativ die lineare Verstarkung der
Wechselwirkung abhangig von der benutzen Pumpleistung. Wir erortern
weiterhin, wie man mit Hilfe derzeitiger Technologie in das angestrebte Re-
gime der deterministischen Wechselwirkung gelangen konnte. Ausserdem
konnte das vorgeschlagene Prinzip auch in anderen physikalischen Syste-
men, wie opto-mechanischen, elektromechanischen oder supraleitenden Sys-
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temen eingesetzt werden, welche auch zum Teil sehr hohe intrinsiche Nicht-
linearitaten aufweisen.

Im dritten Experiment wird die Erzeugung und der Nachweis von diskreten
Farb-verschrankten Zustanden beschrieben. Wir erzeugen diese Zustande
durch die Ubertragung von Polarisationsverschrankung von nicht-degenerier-
ten Photonenpaaren auf den Farb-Freiheitsgrad. Wir weisen dann streng die
Verschrankung nach und quantifizieren den Grad der Verschrankung mithilfe
der Rekonstruktion einer reduzierten Dichtematrix. Unsere Technik kann
generalisiert werden um den Transfer von Polarisationsverschrankung auf an-
dere photonische Freiheitsgrade zu ermoglichen wie zum Beispiel den Bahn-
drehimpuls der raumlichen Moden einzelner Photonen.
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Chapter 1

Introduction

Photons are in many aspects ideal for studying a wide range of quantum
phenomena. They are virtually immune from interactions from their envi-
ronment that would destroy their quantum properties and can be handled
relatively easy and very precisely with well established optical techniques.

On the other hand, producing single and entangled photon states is a not
yet in all aspects sufficiently solved technical challenge. In the beginning
of the history of experiments with entangled photons stood a purely funda-
mental motivation: testing Bell inequalities [, [I5] to experimentally exclude
local-realistic world views [28] [6]. Technologically, the first sources of polar-
ization entangled photons employed for these pioneering experiments in pho-
tonic quantum optics were based on cascaded transitions in atoms. However,
these sources required bulky vacuum setups and featured only a low bright-
ness - mostly because of the non-directional emission of the photon pairs. A
break-through was the development sources of pairs of (entangled) photons
[47] based on spontaneous parametric down-conversion (SPDC). SPDC is a
second order (x®) nonlinear process were a pump photon converts into two
lower energy photons - a photon pair. Quickly this has become the stan-
dard technique for photon pair creation in the new developing field of optical
quantum information processing and quantum communication including the
first already commercialized application of quantum key distribution.

In other words: nonlinear optics became the physical basis for the pro-
duction of photon pairs and entanglement and was used in a plethora of
experiments.



10 CHAPTER 1. INTRODUCTION

In another important conceptual step, linear optics was shown to be suffi-
cient for enabling universal optical quantum computing [41], provided deter-
ministic photon sources and quantum memories are available. Indeed, based
on SPDC and using simple linear optical elements like (polarizing) beam
splitters and wave-plates, up to 6-qubit quantum computing schemes have
been demonstrated and moreover the creation of multi-photon entanglement
up to 8 entangled photons. However, there are serious drawbacks when using
only SPDC and linear optics: most importantly it only provides intrinsically
inefficient production and of multi-photon states, as well as only probabilistic
and inefficient interactions between photons.

The idea of using non-linear optics not only for the creation of photonic
states, but also for their manipulation is a general approach for breaking
these roadblocks and moreover gives access to so far unexplored effects. The
three experiments presented in this thesis revolve around this motive: Using
nonlinear optics and enable the conversion of photons with respect to various
degrees-of-freedom.

The main theme of converting photons using nonlinear optics has been
adressed in the last 5 years there with a first serious line of experiments con-
centrating on changing the wavelength of (entangled) photons (see chapter
2.1 and references therein). The primary motivation for this series of experi-
ments was mainly a technological one: changing the photon wavelength from
the telecommunication wavelength 1550 nm (lowest loss in glass fibers) to the
visible regime, where better detectors are available, than for 1550 nm. The
main application for this would be fiber based QKD. However, coherently
converting photons between different wavelengths addresses a much broader
class of problems including beside quantum communication contexts also a
variety of buildings blocks for quantum information processing: In general it
can provide an elegant solution whenever a single wavelength is not suited
optimally for every necessary task (e.g. transmission, storage, manipulation,
detection).

The experiment, presented in chapter 2 of this thesis addresses the issue of
coherently converting photons between different wavelengths, while preserv-
ing their polarization entanglement — an important degree-of-freedom for its
ease of control and precise measurement and for which this was so far not
been demonstrated. The results show, that nonlinear optics is in practice
indeed fully suited to coherently convert photon states with a very high fi-
delity — in this case preserving polarization entanglement. Aiming at higher
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conversion efficiencies combined with possibly moving to integrated optics
architectures realizing integrated nonlinear optics is a promising route for
future conceptual and experimental studies.

To fully appreciate the potential that converting photonic states with non-
linear optical processes has, one has to go a step further. As soon as three or
more fully quantized optical modes interact with each other in a nonlinear
medium with a second (or higher) order nonlinearity the dynamics has no
more any classical analogue. This is in contrast to e.g. photon upconversion,
where only two of the three interacting fields are quantized optical modes and
the third is the classical (coherent) pump beam being classically analogue to
the well known process of sum frequency generation.

An approach that directly utilises this potential of nonlinearly converting
photonic states is the concept of ”coherent photon conversion” (CPC) [49]
that is introduced and presented in chapter 3 of this thesis. A main aspect
of CPC is, that by using strong pump fields higher order nonlinearities can
be turned into effective lower order nonlinearities for the remaining interact-
ing modes. The most practically important example is that a strong pump
field transforms a third order (x®) nonlinearity that mediates a four-wave-
mixing interaction into an effective second order (x?) nonlinearity for the
remaining three modes. Importantly, for a sufficiently high enough effective
interaction strength which can be tuned and enhanced by the pump laser,
several novel effects can be achieved: for example, the deterministic doubling
of single photons becomes possible, as well as a new type of photon-photon-
interaction and moreover a type of down-conversion with much lower error
terms. These would open up a new field of experimental and conceptual
possibilities, including the implementation of a nonlinear optical quantum
computer.

The main challenge of this proposed schemes lies in reaching sufficiently high
nonlinear interaction-strength. The results of a first experimental step are
presented in chapter 3 as well. The main conclusion is, that a tunable effective
x? can indeed be realized in a x® medium — in our case a highly nonlinaer
photonic crystal fiber made from silica glass. Moreover, the measured non-
linear interaction strength — while not being in the high efficiency regime
necessaries to start harnessing the full potential of CPC — implies that with
other materials like highly nonlinear glasses this is within reach with current
technology. This conclusion already determines the outlook: that future
conceptual and experimental efforts need to be aimed at demonstrating high
enough interaction strengths. Moreover, future more detailed theoretical
studies could reveal fundamental effects of CPC, that itself could be another
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goal of experimental efforts.

An interesting direct consequence of using nonlinear optics for processing
photonic states is that it naturally gives access to the energy (or frequency)
degree-of-freedom of photons. This is one of the most intuitive degrees-
of-freedom of light. Noteworthy, using different frequency bands in paral-
lel wavelength division multiplexing has revolutionized classical fiber-optical
communication technology. The fact that no discretely frequency entangled
states of photons have been prepared before, gave the motivation for demon-
strating this in the experiment presented in chapter 4 of this thesis. Be-
cause of the widely separated frequencies we called this type of entanglement
”colour entanglement”. The states are created by coherently converting po-
larization entanglement into colour entanglement. The experiment not only
resulted in a novel way of verifying and quantifying discrete frequency en-
tanglement (by anti-bunching in non-classical two-photon interference) but
also established the general idea to convert polarisation entanglement (which
is relatively easy to produce with high fidelity) to other degrees-of-freedom.
The latter is even already used in new experiments that use a conversion to
orbital angular momentum as proposed in the publication of this experiment
[66].



Chapter 2

Single-photon upconversion

(SPUC)
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2.1 Introduction

The ability to change the wavelength of single photons has fundamental im-
portance as it gives access to its frequency (or energy) degree-of-freedom.
This is one of the most intuitive degrees of freedom for light, but is also of
immense practical importance: In many experiments with single photons the
wavelength is a trade-off between different experimental requirements and
technical limitations. These include for example the performance of single
photon detectors in the chosen wavelength regime, transmission and disper-
sion properties of the materials or the availability of laser sources. Moreover,
when atomic media are involved, one can only use a restricted number of
(typically narrow-band) electronic transitions that are at fixed wavelengths
(and only slightly shift-able by external fields).

One illustrative example for such a trade-off are multi-photon experiments.
Here, high detection efficiencies (n) are crucial, because they severely influ-
ence the final rate of N-fold coincidences proportional to . The highest
detection efficiency for commercially available devices is currently achieved by
silicon based avalanche photon diodes (Si-APDs) operated in Geiger-mode,
which have their highest efficiency between 550 nm and 850 nm. This is
the reason, why virtually all multi-photon experiments are carried out in
this wavelength regime, and not for example at the telecommunication wave-
length of 1550 nm.

Another example connected to this, where the trade-off is very hard is fiber-
based quantum key distribution [32] . Because optical fibers have their ab-
sorption minimum at the telecom band around 1550 nm one uses photons at
this wavelength to get to longest transmission distances. However, InGaAs-
based APDs that have been the only commercially available choice for single
photon detection at this wavelength have a poor performance compared to
Si-APDs, which unfortunately are not sensitive at 1550 nm. Converting the
photons from 1550 nm to a wavelength accessible for Si-APDs is one way of
solving this detection problem [I8], 82].

A third and important example concerns quantum networks which are a key
requirement for large-scale deployment of quantum communication [73] for
example for global, unconditionally secure communication. Building a quan-
tum network requires the distribution of entanglement using flying qubits
(photons) between quantum repeater nodes which can coherently store en-
tanglement using quantum memories and concatenate it by entanglement
swapping [61]. The standard wavelength for optical fiber transmission is
1550 nm, where optical loss is minimal, whereas currently the highest quan-
tum memory efficiencies have been achieved in Rubidium vapour at around
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800 nm. One key element of a quantum network is therefore a quantum
interface converting between the different wavelengths of flying qubits and
quantum memories.

These examples illustrate that the possibility of transferring single photons
from one wavelength to another can be an ubiquitous building block for a
diverse range of future quantum technologies (and even for some classical
optics applications at the single photon level [52]).

In the following, a summary of previous experimental works connected to
single photon conversion will be given which will in detail illustrate the as-
sociated experimental challenges and also further applicabilities.

Overview of previous works on single photon conversion

One of the first considerations of transferring quantum states of light from
one frequency to another is given in [44]. This work proposes a scheme
for transferring continuous-variable encoded states in the form of squeezed
states from 1064 nm to 420 nm with a pump at 694 nm. It is theoretically
shown that for high enough pump powers 100% conversion efficiency can be
achieved in principle and, more importantly, that the quantum state of light
is conserved in the conversion. As a motivation for this the usefulness of a
tunable squeezed light source is pointed out. This proposal was two years
later demonstrated experimentally (slightly modified from the proposal) [36].
There, the observation of the conversion of one mode of a pair of 1064 nm
beams that is non-classically intensity correlated to beam at 532 nm is re-
ported. The preservation of non-classical intensity correlations between the
converted beam at 532 nm and the unconverted beam at 1064 nm is shown
by a reduction of the intensity noise by 1.5 dB below the classical limit.

In another early work on single photon conversion the possible application of
achieving fs timing resolution single photon counting was demonstrated in an
experiment [55], where photons at 700 nm stemming from single molecules
of Oxazine 725 in a micro cavity were converted with fs-pulses at 615 nm to
327 nm with an intrinsic efficiency of 40%.

In 2002, the role of frequency conversion of discretely entangled quantum
states of light especially in the context of long-distance quantum communi-
cation with the help of quantum memories has been recognized by Shapiro
[75]: Specifically, he proposes the conversion of polarization entangled pho-
ton pairs at 1570 nm, which would be ideally suited for long-distance fiber
transmission, to 795 nm at which they could be stored in Rb-based quantum
memories. The proposed pump wave length is 1608 nm with a conversion
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crystal made from periodically poled LiNbO3 (ppLN). As one of the first
experimental demonstrations at the single photon level, in 2003, the phase
preserving conversion of photons at 876 nm from an attenuated diode laser
to 417 nm with a pulsed pump at 795 nm has been reported [30]. The phase-
preserving characteristic of the upconversion has been verified by having a
two path interferometer, converting the photons in both arms and showing
that the interferometer fringes of the 876 nm light and the 417 nm show the
same phase period.

In the following years, a number of experiments focussed on using single
photon conversion the enhance the detection of photons at 1550 nm by con-
verting this wavelength to one in the visible optical regime, where Si-based
avalanche photo diodes (APDs) can be used. Si-APDs have much better per-
formance characteristics than InGaAs-APDs, that are used for the detection
of photons at 1550 nm.

To achieve high conversion efficiencies different methods where used: in [3]
the pump laser at 1064 nm was enhanced in an actively locked travelling-wave
cavity to more then 20 W circulating pump power. With a 40 mm long ppLN
(type I) crystal an intrinsic conversion efficiency from 1550 nm to 633 nm of
about 90% could be observed. At the maximal intrinsic conversion efficiency
pump-induced dark count rates of 500 kcps were observed. In a later work of
this group, the polarization independent conversion for classical input light
could be shown by a double-pass Michaelson type interferometric configu-
ration [2]. No data for single photon input was reported nor quantitative
information about performance at the single photon level.

A similar approach of using cavity enhanced pump fields was reported in
[60] with an intra-cavity design for the 1064 nm pump laser for converting
1550 nm to 633 nm.

Another way of achieving high enough conversion efficiencies to be useful for
replacing InGaAs-detectors is to use the high peak powers of pulsed lasers
with the drawback of having to synchronize the to be converted photons
with the pump escort pulses, which excludes cw operation. In [83] pulses
at 1064 nm with 7.2 kHz repetition rate were used to convert photons from
1550 to 631 nm. Near unity intrinsic upconversion efficiency could be mea-
sured, unfortunately also accompanied by high levels of pump induced dark
counts. Later on, based on this work the group could further show the phase
coherence of the upconversion setup by making use of a Michelson-type two
arm configuration and observing the corresponding fringes [85]. Also with
this scheme of high intensity escort pulses by using the m-phase shift that is
achieved by a full conversion to 631 nm and back to 1550 nm a fast all-optical
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switch at a telecom wavelength could be implemented [84].

In [71] ppLN waveguides where used to achieve high conversion efficiencies of
1550 nm to 713 nm with moderate pump powers at 1320 nm of only around
100 mW. In a later experiment of this group, the conversion at the single
photon level was demonstrated [51] revealing pump induced dark count rates
around 800 kcps. In the same paper also the the conversion of 1320 nm
photons with the pump at 1550 nm was demonstrated with much reduced
pump induced dark counts. As a reason for the lower noise it was pointed
out that in this combination the pump has a lower photon energy than the
input and therefore Raman scattering is suppressed. Other results for using
ppLN waveguides for single photon conversion were reported in [22]: Here a
pulsed pump at 1530 nm is used to convert 1550 nm input light to 770 nm -
again high rates of pump induced background counts (via Raman scattering)
where seen.

As suggested from its first observation [3], the production of pump induced
dark counts can be strongly suppressed by using a pump wavelength, which
has lower energy the than input (and output) field, because Raman processes
that are responsible for this noise are typically much weaker for the anti-
stokes side (higher energy). This could be experimentally demonstrated:
in [20] 1064 nm light was converted to 632 nm with a ps pulsed pump laser
at 1550 nm. Near unity intrinsic efficiency was observed, while no pump
induced background counts could be observed. Similarly, [39] reports on the
conversion of 1550 nm to 830 nm with a pump laser at 1810 nm (thulium
doped fiber laser) in a ppLN waveguide achieving 40% intrinsic conversion
efficiency with 26 mW (cw) pump power.

In the first experiment showing the conversion of entangled photons [81],
time-bin entangled photons where converted from 1312 nm to 712 nm with
a pump field at 1560 nm. The entanglement of the 1312 nm photons to
their partner photons at 1555 nm is conserved and the entanglement of the
712/1555 nm photons is verified by measuring non-local correlation fringes
with appropriately aligned unbalanced Mach-Zehnder interferometers and
post-selection on arrival time differences.

An interesting use of single photon conversion was reported in [79] where pho-
tons at different wavelengths were made spectrally indistinguishable by the
conversion to the same wavelength. The indistinguishably was demonstrated
by two-photon-interference.

The reverse process of upconversion has also been shown: photons have been
”down-converted” to lower energies using single photon difference frequency
generation (DFG): in [I7] photons from an attenuated diode laser at 710 nm
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were converted to 1310 nm with a 1550 nm pump laser. It was further
demonstrated that coherent time encoding (”pseudo time bin qubits”) of the
input was conserved in the output with high fidelity. A similar experiment
was reported in [80] were also photons at 710 nm were converted to 1310 nm
while preserving the phase encoding of the input photons.

Single photon conversion with very short pump pulses can also be used in
bring the timing resolution of photon detection in the fs-regime. This has
been experimentally demonstrated in [46] where 150 fs pump pulses at 790 nm
where used to convert both 1580 nm photons generated by SPDC pumped
by the same laser. The authors also used the same setup to demonstrate
for the first time a direct measurement of the joint temporal resolution of
the created bi-photons [45], which they used to measure the heralded single
photon purity.

Photon conversion is also possible using x* media such as silica. Using a pho-
tonic crystal fiber, the conversion of heralded photons at 683 nm to 659 nm
with two pulsed pumps at 808 nm and 845 nm was demonstrated [56].

Very recently, the conversion of single photons from a quantum dot from
1310 nm to 710 nm was reported [65]. The single photon character of the
converted photons could be shown by measuring a 9(2)(0) of 0.165 which
demonstrates strong anti-bunching. The experiment used a ppLN waveguide
and a 1550 nm cw pump laser.

Also very recently, the conversion of 795 nm photons to 1376 nm and back to
795 nm in cold rubidium vapour was reported in an experiment combining
this conversion with a cold rubidium based quantum memory [64]. Non-
classical photon correlations was preserved in the process. In a follow-up
experiment the experimental arrangement could even be used to create, store
polarization entanglement [2I]. Moreover, the entangled photons could be
converted to a fiber compatible wavelength at 1376 nm, passed through 100 m
telecom fiber and converted back to 795 nm while preserving polarization
entanglement.
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2.2 Principles

2.2.1 Photonic entanglement

Since the now famous paper of Einstein, Podolsky and Rosen [24] on the
(in their view paradoxical) consequences of the predictions of quantum me-
chanics for entangled states, entanglement has been the central element not
only for fundamental aspects regarding the description of nature. It also be-
came the essential phenomenon for potentially revolutionary quantum tech-
nological applications such as quantum computing as well as secure quantum
communication. One of the most successfully used physical systems to study
entanglement are photons [89]. The reasons for photons being so widely used
is the relatively easy manipulation and detection of photonic quantum states,
and, even more importantly, their practical immunity to decoherence, with
no requirements for cryogenic temperatures nor vacuum conditions. Also,
entangled photon states can be generated — with very high quality — using
parametric downconversion [47, 25]. Various photonic degrees-of-freedom
have been experimentally used so for entanglement generation: path [6§],
energy-time [12], frequency [66] (also see chapter [4)), and orbital angular mo-
mentum (OAM) [86]. The most widely used degree-of-freedom, however,
is the polarization (or spin) of photons. Polarization — naturally only 2-
dimensional with the conventionally used basis states of horizontal |H) and
vertical |V') linear polarization — offers a number of practical advantages such
as the easy universal manipulation and detection with standard polarization
optics, e.g. birefringent wave plates and polarization dependent beam split-
ters, and also various reliable methods of creating polarization entanglement.
Formally, bipartite (polarization-)entanglement of two photons can be de-
fined in a 2 x 2 dimensional Hilbert space (H = H* ® HP) of two qubits
A and B (states in the 2-dimensional Hilbert spaces H* and H? describing
the state of photons A and B) in the following way: A state in this space is
entangled if and only if it is not separable, i.e. it cannot be written as a
tensor product (or convex sum of tensor products for mixed states):

separable pure states : [¢) = [¢?) @ |P) (2.1)

separable mixed states : p = ijp;‘ ® p? (2.2)
J

( with p; > 0 and normalized ij =1) (2.3)
J
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Clearly, this abstract definition neither gives a straight-forward experimental
recipe to detect (verify) entanglement nor shows how to quantify a ” degree-of-
entanglement”. For the last decade, considerable theoretical effort has been
invested into the question of characterising entanglement both theoretically
and practically in the lab. A recent and detailed review of many results on
this topic can be found in [35].

Bell violation for entanglement verification

On of the most stringent ways to verify the non-separability — and thus en-
tanglement — of a given quantum state relies on the experimental violation
of a Bell inequality [8]. In experiments in most cases a more practical form
— a Clauser-Horne-Shimony-Holt(CHSH)-type Bell inequality [15] is used.
These inequalities have to be fulfilled by any local realistic theory (or local
hidden variable theory) and an experimental violation therefore excludes any
separable (local) description of the state including a separable quantum me-
chanical description. Therefore, any violation of a Bell inequality is also a
stringent proof for entanglement. Consequently, this has been used in may
experiments to conclusively prove the creation of entanglement. However,
although any pure bipartite state violates a specifically constructed Bell in-
equality [31], there is no single inequality that is violated for every entangled
state. Moreover, there are certain non-separable mixed states, that do no
allow the violation of any CHSH-Inequality [87]. Therefore, Bell inequal-
ities, although very useful and one of most accepted and practically used
methods for the verification of entanglement, have to be complemented by
more general procedures and concepts to detect and analyse entanglement,
e.g. entanglement witnesses and entanglement measures (summarized for
example in [35]).

Tangle as entanglement measure

One of the entanglement measures used in this thesis beside Bell-violations is
the tangle, which is related to the entropy of entanglement, entanglement of
formation and concurrence. One of the striking characteristics of a bipartite
entangled state is that its strong correlations can only exist at the expense
of the existence of their local, individual properties — i.e. for maximally
entangled states with perfect correlations, the local properties must appear
to be fully random. Formalized information theoretically, the corresponding
local state has the maximum entropy. This is the underlying motivation
for the entanglement measure for pure states called entropy of entanglement
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E() based on the von Neumann entropy S(p) of locally reduced states
defined by [58]:

E(¢) = S(pa) = =Tr(palog(pa)) (2.4)
pa = Trp(v) (reduced density matrix of subsystem A) (2.5)

For a maximally entangled state of two qubits it is 1, it is 0 for any product
state and lies between 1 and 0 for any non-maximally entangled state. It is
essential that S(pa) = S(pp), i.e. E(¢) is independent of which of the two
subsystems is considered, which is necessary to make the entropy of entan-
glement a valid entanglement measure for pure states. From an operational
point of view E(v)) gives the ratio of the number n and m: of copies n of max-
imally entangled states minimally needed to prepare m copies of the state v
using only classical means —i.e. local operations and classical communication
(LOCCQ): E(¢) = . Note also that many other entanglement measures for
mixed states reduce to the entropy of entanglement if considered for pure
states[35].

A straight-forward generalisation of the entropy of entanglement for mixed
states is the entanglement of formation Ep [34] , which is defined as the
minimal combined entropy of entanglement minimized over all possible pure
state decompositions of the state p;,v; with p =Y p;|v;) (¥;]:

J

— min Y piE(V) (2.6)

Importantly, Hill and Wooters [34] found a closed formula to calculate Er
for any mixed state of two qubits:

1

Er(p) = h(3 + 5T~ C(oP) (2.7)

h(z) = —zlog(z) — (1 — x)log(1 — z) (2.8)

This formula directly uses two other entanglement measures — the concur-
rence C(p) and its square, the tangle T'(p) = C(p)? which are defined by:

T(p) = C(p)’ (2.9
C(p) = maX(O, )\1 ()\2 + /\3 + >\4)) (210

)
)
A; = sorted Eigenvalues of R = \/\/pp\/p (2.11)
)

p=(0y®0y)p(0y @ 0y) (2.12
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The importance of the tangle and reason why it was chosen to be used in
this work has to do with two features: firstly, the tangle is significantly
more susceptible to any decrease in the quality of the entanglement than
other measures, allowing it to more sensitively analyse any entanglement
degradation. And secondly, one can show that for a system of three qubits
A, B and C the tangle obeys a relation similar to a conserved quantity [16]:

T(pas) +T(pac) < T(pasc) (2.13)

That is, the combined tangle of A with B and A with C' cannot be greater
than the tangle between A and the combined system of B and C. Note that
this does not hold for Er or the concurrence. Interestingly, the discovery
of this relation for the tangle was also a starting point for many theoretical
investigations into properly defining and quantifying genuine multi-partite
entanglement, with the 3-tangle itself being one the first proposed multi-
partite entanglement measures and defined by T(A: B : C) =T(A: BC) —
T(A:B)—T(A:C), originally referred to as residual entanglement [16].

Quantum tomography

Fully determining an unknown quantum state can — in principle — not be
achieved by single shot measurements. The easiest way to see this is as a
consequence of the no-cloning theorem [88]. Nevertheless, by using many
and different measurements, so called quantum state tomography, allows to
completely characterise the state of a quantum system, that is, to reconstruct
its density matrix [38]. The analysis in this thesis fully builds on the tomo-
graphic techniques laid out in detail in [50]. The general method is to take
many copies of the quantum state and measure an (over-)complete set of mea-
surements, typically consisting of local measurements and their correlations.
In an ideal situation, where one could measure the corresponding probability
without any error, one could mathematically directly calculate the given den-
sity matrix. However, under realistic conditions, where every measurement is
inevitably accompanied by noise (in the case of photons typically Poissonian
counting noise), the resulting density matrix will generally not be physical.
In this case, one has to estimate the density matrix of the quantum state by
using maximum likely-hood methods using numeric optimisation methods.
This yields an experimental estimate of the density matrix p. Error margins
can than be calculated by using Monte-Carlo techniques based on Poissonian
noise models.

There are a number of quantities that can be derived from p: an important
one is the fidelity F'(p : 1) with respect to an aimed for target state ¢ defined
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by:

Fp: ) = @lplp) (2.14)

with the physical interpretation that given a state with the density matrix p
the probability to find ¢ is F(p : ¢).

Another important quantity is the purity P(p) defined by:
P(p) = Te(p?) (2.15)

and ranges from 1 for pure states to 1/d for completely mixed states of
dimension d.

Including also the tangle, these three quantities — F', P and T' — form the
standard set of parameters that were calculated in this thesis together with
the reconstructed density matrices.

Quantum processes can also be reconstructed with a similar tomographic
method. Again, this thesis builds upon the procedures and computer code
in detail explained in [50]. For quantum process tomography the aim is
to reconstruct a process matrix x that fully characterises the experimental
process. For this, for a set of input states the output state of the process
is measured for a set of projections. The data then allows to estimate the
process matrix, using again the techniques of numerical maximum likelihood
methods and Monte Carlo simulation to estimate the error margins. De-
rived quantities include the process fidelity and purity, that have a similar
physical interpretation as the equally named quantities for quantum state
tomography.

For all further details and explanations concerning quantum state and process
tomography see [50].

2.2.2 Parametric processes

Non-linear optics based on second order non-linear crystals has long been
used for a plethora of applications, and, in the last decades, became also
a vital building block in the field of photonic quantum optics. In general,
non-linear optics is based physically on a medium reacting non-linearly to
an electromagnetic field — that means that the components of the dielectric
polarization P; in the medium is a non-linear function of the field and can
be approximated by a Taylor expansion:

P = eoxE + eoxPE? + egxPE? + ... (2.16)
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where y is the linear susceptibility, and ' and x® the first two higher or-
der non-linearities. The second order non-linearity x? is responsible for all
three-wave-mixing phenomena, such as sum- and difference frequency gener-
ation or optical parametric oscillation. The whole topic of parametric pro-
cesses is extensively covered in many standard text books — as an example
see the relevant chapters in [72].

It is worth mentioning that in general the generation of non-classical states
of light is very closely linked to second order non-linear optical processes,
with the generation of so called squeezed state with optical parametric oscil-
lators taking a pioneering role in the field of experimental quantum optics.
Another second-order nonlinear process, which enables the production of en-
tangled pairs of photons — and therefore of great importance — is spontaneous
parametric down-conversion (SPDC) and will be described in the following
section.

Spontaneous parametric down-conversion (SPDC)

This non-linear process — first predicted in 1967 [40] — has gained over-
whelming attention in the last two decades, because it enables the relatively
easy production of correlated photon pairs. Interestingly, it cannot be de-
rived with the classical nonlinear wave-equations. However, sometimes it is
semi-classically interpreted as an optical parametric oscillation seeded by the
(spontaneous) fluctuations of the vacuum field.

SPDC can be formally described using the following interaction Hamiltonian
for three interacting modes — a pump mode p and two output modes 1 and
2

Hy o ayalal + alana (2.17)

with the respective creation and annihilation operators dl and a; for the three
modes. Normally, now the pump field is treated classically and assumed to be
non-depleted. In the limit of a weak interaction strength (which is typically
justified by the low non-linearities involved) one relatively easy derives the
resulting state for the down-conversion process:

[¥sepc) = [0)[0) +y[1)[1) +77(2)|2) + ... (2.18)

For generality, modes 1 and 2 can be treated non-degenerate — i.e. with
different optical frequencies, but still fulfilling energy conservation: w; 4wy =
Wyump (In case of degenerate SPDC this state would represent a squeezed state
in photon number — only even order photon number states are present). The
small parameter v is proportional to the pump field and also a function of
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the non-linear interaction strength. For weak enough interaction strengths
and pump fields (v < 1) all higher order terms can be neglected. Then the
detection of a photon in the first mode heralds a single photon Fock state in
the second mode, and vice versa. This can also be seen formally by dropping
the higher order 2-photon terms of equation and projecting on a single
photon state in the first mode:

1(1[(10)1]0)2 + 7[1)1[1)2) = (1) (2.19)

Such a heralded production of single photon states is for obvious reasons very
useful in many photonic quantum experiments and technologies. However,
a significant disadvantage of using SPDC plays out, if more than two, but
a certain higher number of photons (4 or 6 or more) need to be produced
at the same time. Due to the inherent probabilistic character of SPDC the
probability for a successful production of such a state scales unfavourably
(exponential) with the number of photons to be created. Also, when trying
to enhance the production rate by higher pump powers, higher order terms
can become non-negligible, creating significant unwanted error terms.

An interesting case, which is rarely covered in the standard literature, is
the full quantum treatment of SPDC with a single photon input. The full
quantum Hamiltonian and the corresponding time evolution operator can be
written as

H; = Y(apumpalal + h.c.) (2.20)

ﬁ(t) _ e—iﬁlt/h _ 6—%(dpump&1&£+h.c.) (221)

Under this evolution (and without loss) the states [100) and |011) form a
"closed system” — no states outside the Hilbert-space spanned by those two
states can be created from them. This makes the derivation of the evolution
of the system rather straight-forward. For an initial state with the pump
field in a single photon Fock-state and empty signal and idler modes |1(0)) =

11) pump|0)1]0)2 = \100> and the convenient abbreviations ap. = Gpump;as,
apc = aLumpalag and I = () the state evolution is:
(1)) = U®)](0)) = e~ @b 200 100) (2.22)
L (—iQt)k R
() =) T(aTDC + apc)*[100) (2.23)

k=0
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For each k in the sum there is always only one term in (al, + ape)*|100)
that is non-zero, namely for even k: (apcab)*?100) = [100) and for odd
k: dTDC(dDCdEC)(k*I)/QHOQ = |011), yielding (after separating the sum for
even and odd k and shifting the indices of the two sums accordingly):

2 0 Qt)2k+1

=> (- |100 —I—ZZ Pl ———=[100) (2.24)

k=0 =0

The first and second sum are just sin() and cos(), so that in the end the time
evolution is:

|1(t)) = cos Qt[100) — isin Q¢|011) (2.25)

Note that this derivation is mathematically analogous to a two level atomic
system driven by a resonant, coherent laser field giving rise to Rabi-oscillations,
i.e. periodic oscillations in the probabilities for the two states.

There are several interesting points about these results. First, down-conversion
can in principle be 100% efficient if one starts with a single photon Fock-State
as the pump. The condition for this is Qt = 7/2 (or an odd multiple of 7).
In practice, however, typically there are much lower efficiencies for non-linear
crystals: Qt is determined by the crystal length and the effective non-linear
coefficient d.g and the highest reported values are for ppLN wave-guides with
Qt in the order of 1073 yielding an efficiency of downconversion in the order of
1076 [37]. It is also worth noting that, starting with a state |011), for Qt = 7
a phase shift of 7 is acquired, which can be used to implement a deterministic
entangling gate (see chapter 3). A possible way to significantly increase the
achievable strength ¢ of the parametric process is to use a pumped third
order non-linearity. For more details see chapter 3 on higher order photonic
conversion.

Sum Frequency Generation and SPUC

Sum frequency generation (SFG) is a second order non-linear process de-
scribing the interaction of two electro-magnetic fields (wy and w,) generating
a third field, whose frequency is the sum of both of these fields: w; +w, = ws.
This process is well known since decades, but has gained relevance in experi-
ments with single photons only in the past few years. When a single photon
is in the input mode, then this photon can be upconverted to the sum of

its frequency and the pump frequency by SFG: single photon upconversion
(SPUC).
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Figure 2.1: Basic principle of SPUC based on the nonlinear process of
sum frequency generation (SFG): a pump and an input field
are combined in a nonlinear medium (typically a crystal)
generating an output field with the sum of the input fre-
quencies: ws = w1 + wp

The efficiency of the sum frequency conversion process is governed by the
following coupled wave equations (derived for example in chapter 21.4. Saleh

Teich):

dE, .wldeff Ak
- = E E* . z
dz ‘ nic 25p©
@ — wpdeffE E* 1Akz
dz n,C

@ — W2deffE E 1Akz
dz NoC

(2.26)

(2.27)

(2.28)

where the E;’s are the electric fields with corresponding frequencies w; and
indices of refraction n; and d.g the effective non-linear coefficient, ¢ the speed
of light and z the distance in the propagation direction. For perfect phase-
matching the phase mismatch Ak is zero and also approximating the pump
field to be non-depleted (dd% = 0) and real valued, the starting condition
E5(0) = 0 leads to the reduced equations:

E
b _ wldeff E2E
dz nic
dEs . Wadef
— =i—FF
dz ’ NoC 1P
which leads to: ,
d E1 wlwgd )
= — S F°F
d22 n1n262 P2
and yields the solution:
. W1WQdeﬁc 9
Ey(z) = E1(0) cos \ | —— E22

NN C2

(2.29)

(2.30)

(2.31)

(2.32)
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From this follows the upconversion efficiency n (normalized to photon number
and using photon number conservation of the SFG process):

= ——celtpay 2.33
n = sin® 4/ wingc2 o ( )

Note that this efficiency calculation is also valid for single photon input, i.e.
for SPUC, although a classical formalism is used. This is because the corre-
sponding full quantum derivation turns out to yield fully equivalent results.
The final formula, however, only represents a simplified model in the sense
that plain waves are assumed. To accurately predict experimental conversion
efficiencies one has to consider the parametric interaction of focussed Gaus-
sian beams. Following [10, 3] and introducing an efficiency reduction factor
hp, (that is close to 1 for optimum focussing conditions), one arrives at the
final efficiency relation:

n = sin®(7/21/ Py/ Puax) (2.34)

CEonlng)q)\Q)\p
Pmaz = 2.35
128d%; Lh,, (2.35)
- 100% efficiency
efficiency
. /
08| n =sin?| = _|Zzeme
06 [ 5 Pmax
04| P ax= 10 ... 100 W !
0.2
: o IDpump/F)max
1 2 3 4 5

Figure 2.2: Plot of the upconversion efficiency as a function of the pump
power. At a pump power of P = Py, 100% efficient upcon-
version is predicted. For typical crystals and crystal length
P, is on the order of 10 to 100 W.

What is remarkable is that in principle single photons can be converted with
unity efficiency from one wavelength to another. However, quite high pump
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powers are necessary to achieve this operation point. This problem has been
shown to be solvable in practice by various techniques: using high peak power
pump lasers or enhancing the pump power by build-up cavities, as well as
using highly nonlinear wave-guides instead of bulk crystals for the conversion.
For more details see the previous section on state-of-the art photon conversion
experiments.

2.2.3 Quasi-phase-matching

For all parametric processes not only energy conservation (Aw = ) Winput —
> Wegeneratea = 0) but also so called phase-matching has to be fulfilled to
achieve high efficiencies. Phase-matching for example for parametric down-
conversion and parametric upconversion imposes a restriction on the wave-
vectors of the fields:

SPDC : Kopump = k1 + ki (2.36)
SPUC : k1 + Kpump = ko (2.37)

This can be seen as a form of momentum conservation from the viewpoint of
single photons, when the momentum p p of a single photon is connected to the
k-vector by p'= hk. Another way to interpret phase-matching is to consider
the case when phase-matching is not fulfilled. In this case the generated
fields at different points of time would destructively interfere after a critical
propagation length L.. For a phase-matched interaction, all generated fields
are ”in phase”, therefore the name of this condition. One can write the
phase-matching condition in a very compact form as:

AE = Z Einput - Z Egenerated =0 (238)

In vacuum, energy conservation would automatically lead to phase-matching,
because of the linear (dispersion) relation between w and k:

k(w) = Cﬁ (2.39)

with ¢y being the vacuum speed of light. However, in non-linear media —
which in applications are typically non-linear crystals — energy conservation of
the interacting field does in general not automatically lead to phase-matching
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because of dispersion, i.e. the index of refraction depends on w, and ¢q is
replaced by ¢g/n(w) which results in a nonlinear dispersion relation for k(w).

h(w) ”(:))” _ 27”;“) (2.40)

There are different phase-matching techniques for bulk non-linear crystals.
One widely used example is birefringent phase-matching with angle tuning.
In this method the different refractive indices of the ordinary and extra-
ordinary polarizations in birefringent crystals are used to achieve Ak = 0.
This and other phase-matching techniques are comprehensively summarized
for example in 70, [72].

A more recent development is quasi-phase-matching (QPM). A thorough in-
troduction into quasi-phase-matching can be found in |70} [72]. The basic idea
of this method is to periodically reverse the sign of the non-linear coefficient
(d — —d) exactly after the interacting waves have acquired a phase-difference
of m, which is after the critical interaction length L.. Then the generated
field will not destructively interfere with itself, but steadily build up over the
propagation through the crystal. This build up is not as efficient as perfect
phase-matching would allow, with an effective reduction of the nonlinear co-
efficient of dgpy = 2d leading to a reduction in efficiency of (2)? ~ 40%.
Nevertheless, it is a big advantage of being able to flexibly design the phase-
matching for all desired wavelength combinations allowed by the absorption
properties of the used crystal. Therefore, QPM is one of the most important
phase-matching techniques used today.

Although already proposed very early in the 60s [5] quasi-phase-matching
has become technologically feasible and commercially available only in the
last decade due to the typically very short critical lengths L. on the order of
a few to a few of tens of ym’s. This requirement could be realized technically
by lithographically patterned electrodes on the crystal that with a strong
electric field can permanently reverse the spontaneous polarisation direction
of electro-optic crystals like lithium-niobate (LiNbO3) or potassium-titanyl-
phosphate (KTP). The whole procedure is called periodic poling.

The main formula to calculate the necessary poling period is:

™

were Ak can be calculated from the dispersion n(A) given by the correspond-
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ing Sellmeier equations for the crystal:

Ak= S QMT(A) - ¥ QW;(A) (2.42)

>\input )\generated

The relative efficiencyl,q of the parametric process in a crystal of length L
with a certain poling period can than be calculated for example for varying
wavelength and temperatures with:

Lol = Ipsinc(AKL/2)? (2.43)
with 2mn(\) omn(\) 2
™n ™n s
Ak = —_— - —. 2.44
PO D Dl 24
input generate

This general equation together with the dispersion and thermal properties
of the medium allows to easily calculate wavelength and temperature band-
widths for the desired quasi-phase-matched parametric processes for the spe-
cific crystals and crystal lengths that are used in the experiment.
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2.3 Setup

In this section, the main experimental techniques and building blocks of the
setup are explained in detail. It will point out the key challenges and how
future implantations could be further improved.

2.3.1 Entangled photon source

Creating entangled photon pairs with spontaneous parametric downconver-
sion (SPDC) tremendously advanced in the last decades. The ability to build
continuous wave (cw) pumped, high brightness sources with very high degrees
of entanglement is also the basis for the experiments being part of this the-
sis. The entangled photon source [25] used in the later described experiments
is based on SPDC in ppKTP (periodically poled potassium tintanyl phos-
phate). The crystal was quasi phase-matched for collinear type II generation
of photon pairs at 810 nm with a pump laser at 405 nm. The entanglement
of the created photon pairs is achieved by using a Sagnac-type configuration,
in which the down conversion crystal is pumped bi-directionally. The details
of the experimental arrangement are described in figure 2.3

Beside the ease of alignment of this type of source due to the collinear beam
paths of the pump laser and the down-conversion photon pairs, this type of
source has several advantages, compared to other types of entangled photon
sources such as BBO based ”crossed ring” sources [47] or crossed crystal
sources [48]:

e Long crystals can be used, therefore increasing the brightness and de-
creasing the bandwidth of the created photon pairs.

e Temporal walk-off effects are intrinsically auto-compensated by the
Sagnac-design: the beam paths are automatically the same for the
clock-wise and anti-clockwise arm for the ordinary, as well as the extra-
ordinary beam. Note that due to the dual-wavelength HWP the ordi-
nary downconversion photons are always sorted into arm 1 and vice
versa the extra-ordinary into arm 2.

e Due to the design of the source the central wavelengths of the down-
conversion photons can be continuously tuned away from degeneracy,
by changing the temperature and thereby the phase-matching condi-
tions of the ppKTP crystal. The very high degree of entanglement can
be maintained up to a point (about 830 nm and 791 nm central wave-
lengths), where the polarization properties of the components — the
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Figure 2.3: Scheme of the entangled photon source. A 405 nm laser

beam is focused into a 10 mm ppKTP crystal inside a po-
larization Sagnac-loop. The dual-wavelength (405 and 810
nm) polarization beam splitter (DPBS), splits the pump
beam into clockwise and anti-clockwise directions through
the loop. The dual-wavelength half-wave plate (DHWP) ro-
tates the polarization of the pump beam such that it is hori-
zontally polarized when it enters the crystal from both sides.
The crystal is quasi-phase-matched for type II spontaneous
parametric down-conversion creating photon pairs around
810 nm with horizontal (H) polarisation for the first and ver-
tical (V) for the second photon. After the polarizations of
the photons are swapped by the DHWP in the anti-clockwise
arm, it is overlapped again with clockwise arm on the DPBS.
Its two output ports are coupled into to single mode fibers
(SM fibers) by appropriate optics ans opto-mechanics. A
dichroic mirror (DM) separates the downconversion photons
from the pump beam. Depending on the pump polarization
and the internal phase of the Sagnac loop a two-photon po-
larization state of the form | HV) + eS| HV') is produced.
A Half-wave and quarter wave plate control the polarization
of the pump beam - and can fully control the state that is
created.

33
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dual wavelength polarization beam splitter (DPBS) and the dual wave-
length half-wave plate (DHWP) — are too far away from their design
wavelengths, which leads to imperfect characteristics (extinction ratio
of DWPS is decreased and the retardation of the DHWP is not precisely
A/2 any more).

e The same crystal in both the clockwise and anti-clockwise path creates
the photon pairs. This eliminates any possible sources of distinguisha-
bility of the photons due to the crystal properties compared to sources,
where two crystals need to be used.

The entangled photon source was originally built up for long-distance, free-
space quantum experiments [25, 26]. Since then, several further improve-
ments on the source have been incorporated: A new pump laser (iWave,
Toptica) with up to 50 mW of power was integrated into the source. A new
lens system also improved the coupling ratio of the source. This lead to a
detected rate of around 280.000 pairs/s at 5 mW of nominal pump power
(measured 4.3 mW after the Faraday isolator). The ratio between detected
coincidences and singles was about 26% for both arms (see figure [2.5). With
these numbers the calculated SPDC efficiency of created pairs is around
5 x 1071% per 405 nm pump photon. Estimated for the full pump power of
the laser this results in a detectable pair rate of 2.8 million pairs/s (corre-
sponding to > 40 million created pairs/s). Typical values for the fidelities of
the entangled states produced by the source are around 98% to 99%. This
high performance source was first used in another long-distance, free-space
quantum experiments on the canary islands [74] before it was employed in
the different experiments, that are part of this thesis.

In future experiments the following possible design improvements are planned:

e Using a combination of a QWP at 45°, a HWP | another QWP at
45° and another HWP (with each HWP in a high precision or even
automated rotation mounts) should enhance the sensitivity of aligning
the pump polarization and corresponding entangled state. Currently,
the use of only a QWP and a HWP requires ”"walking” the waveplates
to find the optimal setting. This walking would be made obsolete,
because with the combination of the four waveplates, the degrees of
freedom for the pump polarization state are ideally decoupled and the
first HWP only controls the phase between H and V polarization of the
pump and the second only the ratio.

e Switching to a dichroic mirror that is high reflective for 405 nm and
high transmitive for 810 nm instead of the other way around would
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Figure 2.4:

Figure 2.5:

Photograph of the experimental setup of the described
source. The paths of the pump laser and the downconver-
sion photons are shown as coloured lines. It can be seen that
the source is very compact fitting on a bread board of only
500 x 500 mm.

Screen-shot of the recorded singles and pairs rates. The
two big numbers on the bottom represent the coincidence
rate (left) and the singles rate of arm 1 (right) in counts
per second. Also the ratio between those numbers is shown
which gives the arm coupling efficiency (lower right).
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give more space in the beam path of arm 2 and also make arm 1 and 2
more geometrically symmetric.

e The translation stages for the single mode couplers are on the edge of
their sensitivity when aligning the source for maximum coincidences.
Using more sensitive flexure stages can solve this problem.

e A crucial alignment procedure of the source involves the alignment of
the mirrors inside the Sagnac loop. More sensitive and easier reachable
Sagnac mirror mounts and an additional translation degree of freedom
for one of the Sagnac mirrors can greatly improve the control. Currently
this has been already implemented for another experiment in progress
at the moment.

2.3.2 Optimal focussing for SPUC

In order to achieve the highest conversion efficiency in the upconversion pro-
cess, one has to choose optimal focussing conditions inside the crystal for the
pump and the single photon beam. For SHG optimal focussing conditions
are well known for a long time [10]. This theory calculations by Boyd and
Kleinman describe the parametric interaction of focussed Gaussian beams.
In their final formula the efficiency is proportional to the so called efficiency
reduction factor h,, which is dependent on the focussing parameters of the
interacting beams. A useful parametrisation for the focussing of a Gaussian
beam is the focussing parameter £ = QL, where 2y represents the Rayleigh

20
’/T’LU02

range of the focussed beam connected to the focus waist wy by 2y =
[72].

The analytical treatment in [10] gives the result, that an optimal h,, is
achieved for a focus parameter of the interacting beams of £ ~ 2.84 with
a value of h,, slightly above 1. However, the derivation in [10] is strictly true
only for SHG. For a SFG interaction of fields with different wavelengths \;
and Ay a more detailed treatment can be found in [33]. Nevertheless, in the
case of no walk-off the calculation yields the same number for the theoreti-
cally optimum focus parameter & (forA;) = &(forAs) =~ 2.84 for both input
beams, with an only marginally reduced h,, compared to the SHG case.

We performed a characterisation experiment [69] to verify this theoretic pre-
diction for our situation. Two laser beams — a strong pump beam tunable
between 1520 nm and 1570 nm at powers up to 1 W and a weak probe beam
at 810 nm — were focussed with different focussing parameters into a 25 mm
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Figure 2.6: Plot of the efficiency reduction factor h,, vs. the focussing
L

parameter { = Sy (from [72]). The highest value - and
z

therefore the highegt efficiency - can be reached at £ ~ 2.84.
Curves are shown for different B which is a parameter char-
acterizing double refraction in the crystal: For B # 0 would
lead to lateral walk-off. It can be also seen that the re-
gion of nearly optimal efficiency is rather insensitive on the
focussing conditions: e.g. for B=0 for a region between
1.5 < £ < 5.3 hyy, is within 10% of the maximum value.
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long ppKTP crystal, that was quasi-phase-matched for sum frequency gener-
ation of the two wavelengths converting 810 nm to 532 nm. For the different
focussing parameters the efficiency of the conversion process was measured.
The result is plotted in figure and is in satisfactory agreement with the
theoretical prediction.

2.3.3 Setup for polarization coherent upconversion

This section describes the central experimental setup that was used to po-
larization coherently convert single photons from 810 nm to 532 nm and
conserves polarization entanglement between the input (output) photon to
another spatially separated photon. The input source of polarization en-
tangled photons described before was connected via polarization controlled
single mode fibers to the input of the upconversion setup. Also the pump
laser was fiber coupled and could therefore be easily connected to the pump
input of the setup.

Because the parametric interaction in typical non-linear crystals allows SFG
only for one specific polarization combination for the input beams, one basic
strategy to up-convert single photons in a polarization preserving way is to
convert each - horizontal and vertical - polarization individually. Than to
combine them coherently and in such a way, that it becomes indistinguish-
able which polarization was converted. This can be achieved for example
with various interferometer based designs, where in each path one of the po-
larizations is converted. These interferometers could be based on Michelson,
Mach-Zehnder or Sagnac-type configurations (see for example [I]). The most
simple geometry however, is to use two crossed crystals directly next to each
other, where the first crystal converts horizontal and the second vertical po-
larization. A setup realizing this design was build up for this experiment.
The experimental configuration is shown in detail in figure [2.§

The SFG process takes place in two crossed ppKTP crytsls with lengths of
4.3 mm that were triple anti-reflection coated for 532, 810 and 1550 nm and
phase-matched by periodic poling for SFG of this wavelength combination.
The pump laser system consists of a fiber-coupled tunable external cavity
diode laser (New Focus 6427) — tunable from 1520 to 1570 nm — which is
amplified from 4 mW to up to 1 W with an erbium-doped fiber amplifier
(EDFA) (Pritel FA-30). For setting the polarization of the pump beam a
fiber polarization controller (bat ears) was used. To align and characterize
the setup an (attenuated) self-build grating stabilized external cavity diode
laser at 810 nm was used. The pump and input beams were combined with a
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Figure 2.7: Plot of the measured upconversion efficiency vs. focussing
parameter (from [69]). The inset shows the setup that
was used for this characterization measurement. The pump
beam at 1550 nm coming from an tunable laser (TL) and is
amplified by an erbium doped fiber amplifier (FA) and over-
lapped with the probe beam at 810 nm with a dichroic mir-
ror. They are focussed into the crystal by various lenses (L.1)
with different focal lengths (50 mm - 200 mm). The result-
ing intensity at 532 nm (after removing any pump and probe
light with another dichroic mirror) is then measured for each
lens and from that the photon conversion efficiency is cal-
culated. The satisfactory agreement between the theoretic
prediction and measurement can be extended by attribut-
ing the consistently lower absolute efficiency to a slightly
lower effective non-linear coefficient of the ppKTP crystal
(deff=9.5 pm/V instead of that derived from the literature
value of 11.1 pm/V [77)).
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Figure 2.8: Scheme of the polarization coherent upconversion setup.
The input photons at 810 nm either from the entangled pho-
ton source or from an attenuated diode laser are connected
to the setup via a single mode fiber. The same way the
pump laser light (from a tunable laser amplified by an er-
bium doped fiber amplifier) is connected to the setup. Both
beams are combined with a dichroic mirror. A lens (L1) with
focal length of 50 mm focusses both beams into the two pp-
KTP crystals. After that a second lens (L2) re-collimates
the beam and the input and pump beams are separated
from the up-converted photons (532 nm) with a dichroic
mirror. Calcite wedges compensate the temporal walk-off.
For detection the 532 nm photons are coupled into a single
mode fiber that is connected to a silicon based avalanche
photo-diode (Si-APD). For each - polarization preparation
and analysis - a quarter wave plate (QWP) and a polarizers
can be placed into the beam paths. The polarization of the
pump is adjusted with a fiber polarization controller.
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dichroic mirror, coated for high reflection at 1550 nm and high transmission
at 810 nm. A plano-convex lens with a focal length of 50 mm was used two
focus both beams into the two ppKTP crystal. This lens was not achromatic.
To compensate this so that the spot positions in the direction of the beam
propagation were the same, the divergence of the 1550 nm beam could be
aligned with an adjustable collimation lens in the fiber out-coupling optics.
After the crystals another plano-convex lens (f = 50 mm) anti-reflection
coated for 532 nm was used to re-collimate the 810, 1550 and the created 532
beam. A dichroic mirror than separated most of the 810 and 1550 nm light
from the 532, and the 532 with than further cleaned up by being reflected
6 times on two high reflective mirrors for 532, that had high transmissions
for the other wavelengths. For single photon detection the light was than
coupled into single mode fiber with 30-50% efficiency. Note that this single
mode coupling also has a mode cleaning effect, that later on enhances the
fidelities of the polarization of the up-converted photons. In order to measure
the polarization properties of the upconversion process suitable waveplates
and polarizers can be inserted into the respective beam paths.

The collimated beam size and the focal length of 50 mm of the lens gave
a focusing parameter of £ =~ 0.8 for both beams leading to an efficiency

reduction factor of h,, ~ 0.6 (see [2.3.2)). With these numbers and using the
equation (from chapter principles)

n = sin®(7/21/ Py/ Prax) (2.45)

Pmax _ C€0n1n2>\1)\2)\p (246)

2
12842 ; Lhu,

with the full pump power of 1000 mW and only using one crystal a maximum
efficiency of around 0.8% can be expected. Experimentally this intrinsic
efficiency could be verified with good agreement in a measurement were 28 W
of 810 nm was converted to 270 nW of 532 nm. Taking into account the
energy ratio of the output and input photons of 810/532 ~ 1.5 and the
additional loss introduced by optical components of around 18% this results
in an efficiency of around 0.6%. The discrepancy the expected efficiency
could be explained by a slightly lower effective non-linear coefficient for the
ppKTP crystals than that calculated from literature value of 11.1 pm/V [77].

Another important issue is the chromatic and polarization dependent tempo-
ral walk-off between an up-converted 532 photon at horizontal and vertical
polarization. The reason for that are the different group-velocities for 810
and 532 and their different polarizations. This is illustrated in figure 2.9
From the different group delays in KTP it can be calculated that for the two
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crossed ppKTPs A
810 nm TTTE 6] e >
6 9 LI 532 nm
“a@” “g”

L/2 L/2

GD(810,0) = 6017 fs/mm £ 6352 fs/mm = GD(810,e)
GD(532,e) = 6862 fs/mm § 6362 fs/mm = GD(532,0)

Figure 2.9: Illustration of the temporal walk-off between H and V po-
larized 532 nm photons in the two crossed ppKTP crystals
of length L. The temporal walk-offs (group delays - GD) for
the different wavelengths and polarizations are: 532 nm (or-
dinary) - 6362 fs/mm, 532 nm (extraordinary) - 6862 fs/mm,
810 nm (ordinary) - 6017 fs/mm, 810 (extraordinary) - 6352
fs/mm. There are two contributions to the walk-off - from
the first crystal GD(532,e)-GD(810,0) and the second crys-
tal GD(532,0)-GD(810,e) leading in total to 1.8 ps for the
two 4.3 mm long crystals.

4.3 mm crystals a temporal walk-off of around 1.8 ps can be expected (see
ﬁgure. This is in the same order of magnitude than the coherence length
of the up-converted 810 nm photons of around 3 ps and would significantly
effect the fidelity of the polarization coherence if uncompensated. To com-
pensate the walk-off two wedges of calcite with a joined thickness of around
3 mm were used. The small wedge angle of 0.50 conveniently allows the fine-
tuning of the introduced temporal walk-off. Calcite when cut orthogonal to
the optical axis introduces a temporal walk-off of 629 fs/mm at 532 nm.
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2.4 Results

2.4.1 Efficiency and background

The conversion efficiency for interacting Gaussian beams is given theoreti-

cally by :
n= sin2(7r/2\/Pp/Pmm),

Cﬁonlng)\l >\2)\p
Pmaz = )
1282, Lh,

(2.47)

where P, is the power of the pump beam, A; 2 the wavelength of the input

and output, n; 2 the corresponding indices of refraction in the crystal, deg

the effective nonlinearity, L. the crystal length and h,, focussing factor for

Gaussian beams. The spot sizes of ~ 70 pum (1550) and ~ 50 pm (810)
L

corresponding to a focussing parameter § = 5= (with Rayleigh length zg) of

about 0.8 for both beams leads to h,,~0.6.

For the maximally available pump power of 1 W and a single 4.3 mm long
crystal an efficiency of ~0.8% can be theoretically expected. Experimentally,
we measured 270 nW of 532 nm light converted from an input of 28 pyW at
810 nm. Accounting for the wavelength difference and factoring out loss of
16% introduced by optical components, this implies an observed upconver-
sion efficiency of ~0.6%. We attribute the discrepancy to the theoretically
expected efficiency to a slightly lower effective non-linear coefficient than that
calculated from KTP data of 11.1 pm/V due to imperfect periodic poling.

For polarization-coherent operation this efficiency is further decreased by 50%
as only half the pump power is available for each crystal, while focussing into
the middle between the two crystals (end facet of each crystal) decreases it
by another 82%. Adding also in the SM fiber coupling losses of 50%, this
accounts for the finally, directly measured efficiency with entangled photon
input of around 0.02%, which corresponds to an intrinsic conversion efficiency
— directly after the crystals — of about 0.04%.

In contrast to most other single photon upconversion, no pump induced dark-
counts could be observed. Similarly to what has been suggested before, we
attribute this to our pump configuration with the pump wavelength being
much longer then the input and output single photon wavelengths. In this
way, Raman scattering from the pump wavelength into the input (or even
output) wavelength is strongly suppressed, because their energies lie on the
anti-Stokes side. Moreover, there have been no experiments on single photon
conversion with ppKTP so far, so it is not clear if there would have been
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Raman induced background counts even with a pump at a higher energy
then the input wavelength. In fact, this would be an interesting question to
be addressed in follow-up experiments.

2.4.2 Polarization coherent SPUC

In this subsection the results of the different kinds of measurements are pre-
sented that were carried out to determine how well the polarization of single
up-converted photons (and their polarization entanglement to another pho-
ton) is conserved. The experimental data and results are shown and include:
polarization fringes, process tomography measurements, state tomographies
of the entangled states before and after the conversion as well as Bell viola-
tion measurements with the converted entangled state. The setup that was
used for these measurements is in detail described in the previous section.

Polarization fringes

The first and most straightforward approach to characterize the performance
of the polarization coherent upconversion setup is to measure polarization
fringes with horizontal, vertical, +45° and —45° linear polarization input
states. The input here was an attenuated diode laser at 810 nm. With a
polarizer and a half-wave (HWP) the different input states could be prepared
with very high fidelity. The rate of output photons at 532 nm was than
measured after being sent through an rotatable polarizer to project onto a
range of linear polarization states. The outcome of this measurement can
be seen in figure [2.10] and shows very high quality polarization fringes. Fits
to the measured data with sinusoidal functions were carried out yielding the
following visibilities for the 4 curves: H — 99.2% £ 0.2%, V — 99.2% + 0.2%,
D - 98.7% £ 0.3%, A — 99.0% £ 0.2% — totalling to an average visibility of
99.0% 4 0.1%. The visibility is defined as fjazmun-—_tgmimun glight wedging
and retardation errors of the wave-plates, minimal misalignment of the axis
of the ppKTP crystals and stray light are the most probable reasons for the
residual deviations from a 100% visibility.

Quantum process tomography

Extending the setup with 2 quarter-wave plates - one for the input state
preparation at 810 nm and one for the out put analysis at 532 nm - allows to
also access left-hand (L) and right-hand (R) circular polarization. The count
rates for all combinations of input and output polarizations of the set (H, V,
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Figure 2.10: Polarization dependent count rates photons polarization-
coherently upconverted to 532 nm from an 810 nm atten-
uated diode laser with different input polarizations. The
count rates were averaged for 10 s integration time. Red
lines represent sinusoidal fits to horizontal (H) and vertical
(V) polarization inputs and blue lines are the fits for the
+45° (D) and —45° (A) linear polarization inputs. The vis-
ibility of the fringes is very high with around 99% for all the
4 curves. The measurement uncertainties from Poissonian
count statistics are smaller than the dots.

D, A, R, L) could now be measured. The following table lists the counted
photons integrated for 10 s for the 36 corresponding combinations of input
and output polarizations:

H v D A R L Vis (%)
H 10777778 46883 5928379 5472043 5561798 5049212 99.134(
V41054 10290901 5035933 5117344 5056333 4706893 99.205(
D 5131334 5593718 10428690 57627 5458093 4744330 98.901(
A 5346044 5171147 62928 10333076 5234882 4709559 983.789(
R 5159974 5794461 5395178 5606724 10451169 47125 99.102(
L 5543593 5320076 5203164 5520736 56135 10200428 98.905(

The last column of this table shows the visibility directly calculated from
the number of counts with errors stemming from assumed poissonian count
statistics. It very well supports the high visibilities calculated from the fits
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of the polarization fringes with the average directly measured visibility being
99.0(1)%. As a more thorough analysis this data set can be used for a
quantum process tomography [63 [I3]. In general this reconstruction of the
process matrix allows the calculation of the (mixed) output state for an
arbitrary (mixed) input state and therefore yields the maximum information
that is experimentally accessible. Here I used reconstruction techniques and
numerical computer code based on convex optimization in detail developed
and explained in [50].

The resulting reconstructed process matrix is shown in figure and
in the Pauli-basis. For an ideal polarization preserving process one would
expect only one matrix element - the /d x Id element - to be 1 and all oth-
ers to be zero. Indeed, the reconstructed matrix is very close to this. As
a quantitative measure from this matrix the process fidelity to the target
(identity) process and the process purity can be calculated [50]. They are:
F =99.23(1)% and P = 98.54(1)%. This again shows the very high qual-
ity of the polarization coherence that is observed experimentally. The error
margins are deduced from Monte-Carlo simulations assuming errors in the
counts stemming from Poissonian statistics. The distinct reduction in the
process purity from the ideal value of 1 means that mixing is the main error
contribution rather than residual (unitary) rotations, that could be easier
compensated after the conversion. This mixing points to different origins
for the deviations of the fidelity from 100%. A slight misalignment in the
direction of the optical axis of the two ppKTP crystals seems to be likely.
Also slight errors in the retardation of the wave-plates used for preparing the
input states and for measuring the output states would lead to mixing in the
resulting reconstructed process matrix. However, at the moment the polar-
ization coherence is on a very high level, so that in experiments applying this
conversion techniques other error sources will be dominant.

Quantum state tomographies

As a next step, the performance of the polarization coherent setup for con-
verting one photon of a polarization entangled photon pair at 810 nm to
532 nm is demonstrated and characterized. For this purpose, full quantum
state tomographies of the 810-810 nm input state and the 532-810 nm out-
put state were performed. The photon pairs were produced by the entangled
photon source described in 2.3.1] One arm of the source was connected to
the upconversion setup with a single mode fiber. The polarizer and QWP
necessary for measuring the polarization of the not converted 810 nm photon
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Figure 2.11: Reconstructed Process Matrix in the Pauli basis measured
with an attenuated diode laser. The height of the (1,1) el-
ement of 0.992 corresponds to the process fidelity. The pu-
rity P of the process calculated from this matrix is 0.985(4).

Figure 2.12: close up of the process matrix with out the (1,1) element
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were placed directly in the source. For the state tomographies the coinci-
dence rates for all combinations of polarizations (H,V,D,A R,L) — in total 36
coincidence rates (CCs) — were measured for 100 s for the output state and
for 1 s for the input state. The following tables give the recorded counts for
the measurement of the input and the output state:

INPUT
(CCsinls) H
H 1861
\Y 76020
D 40375
A 35988
R 37598
L 32764
ACCs
(CCsinls) H
H 1126
\Y% 1006
D 1052
A 963
R 964
L 955
ouTPUT
(CCsin 100s) H
H 43
\Y% 1247
D 778
A 612
R 644
L 621
ACCs

(CCsin 100s) H
H 29
\Y 31
D 34
A 35
R 31
L 40

v
69962

1710
33533
35455
34402
35498

1144
976
1077
975
1031
1026

1738
61
723
983
828
1002

37
33
21
20
34
14

D
37711
36816
70333

2187
38622
32267

1082
996
1076
996
981
950

D
1060
615
1429
77
944
753

32
35
34
41
30
34

A
38037
40367

2067
69919
34364
36270

1144
968
981

1027
988

1041

A
817
753

73
1582
735
441

36
30
39
39
29
37

R
38914
36386
33395
37789
68289

2308

1119
972
1014
939
995
1006

R

918
679
829
741
1350
90

33
36
28
21
24
35

L
34869
40212
38430
33514

2212
68613

L
1086
940
993
1039
919
969

L
876
771
781
728

66
1494

41
40
28
26
43
35



2.4. RESULTS 49

Re(p)

Figure 2.13: Reconstructed density matrix of the entangled (close to a
¥*) input state (two photons at 810 nm and 810 nm) with
accidental correction. From this the calculated fidelity (F),
purity (P) and tangle (T) are: F = 97.93 &+ 0.03%, P =
95.96+0.06% and T' = 91.94+0.1% (error margins estimated
form Monte Carlo simulations based on Poissonian count
statistics)
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Figure 2.14: Reconstructed density matrix of the output two photon
state (810 nm, 532 nm) after the polarization coherent
conversion with accidental correction. The calculated fi-
delity (F), purity (P) and tangle (T) are: F' = 96.7+0.2%,
P =94.7£0.4% and T' = 88+ 1% (error margins estimated
form Monte Carlo simulations based on Poissonian count
statistics)
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The most distinct error contribution in these measurements are accidental
coincidence (ACCs). These coincidences are measured when two photons
are recorded (accidentally) within the coincidence window, although they
do not originate from the same pair of photons but each from one of two
unrelated pairs (double pair emission in negligible in this and most other cw
pumps down-conversion experiments). In typical cw experiments like here
this rate could in principle be made negligibly small by reducing the overall
rate (accidental coincidences scale quadratically with the count rates) or by
imposing a very narrow coincidence window as small as the coherence time
of the photons. Unfortunately the latter is much shorter (order of ps) than
the timing jitter of typical photon detectors (100s of ps). Also lowering the
count rates is only practical to a certain point limited by the measurement
time (that needs to be on a feasible time scale) that is needed to achieve
a sufficient number of coincidences to be recorded for sufficient statistical
certainty. To not only rely on estimates of the accidental rates they are
measured independently in parallel for every combination of input and output
polarization. The effective coincidence window (7¢¢) in these measurements
was around 5 ns. The expected accidental rate given by Racc = Rsingiest *
Rsingies2 * Tcc agrees very well with the observed accidental rates.

For the numerical reconstruction of the density matrix of the input and
output state techniques and code fully based on [50] are used. To access
the "intrinsic” polarization coherence of the upconversion for the entangled
state, the accidental coincidences need to be subtracted from the raw counts.
The resulting density matrices (accidental corrected) can be seen in figures

213 and 2.141

To sum up the results of the quantum state tomographies the fidelities (to the
maximal entangled state), purities and tangle before and after the conversion
are summarized in the following table:

input output ratio
Fidelity 97.93(3)% 96.7(2)% 0.987(3)

Purity  95.96(6)%  94.7(H)%  0.987(4)
Tangle  91.9(1)% 88(1)% 0.96(1)
overlap fidelity F 0.978(4)
trace distance D 0.088(4)

It can be seen that the decrease in fidelity and purity is around 1% in best
agreement with the 99% visibility and fidelity in the process tomography
measurements with the attenuated diode laser input. It can also be seen that
the tangle as a more sensitive measure for entanglement decreases slightly
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more during the conversion process. To further confirm the high quality of
polarization conversion, the trace distance D and overlap fidelity F of the
input and output density matrix are calculated (see e.g. [58]):

1
D(sz pout) = §T7"(’Pm - poutl) (248)

F(pin, pout) = (T7(\//PinPout/Pin))* (2.49)

The calculated distance measures are also shown in the above table with
error margins calculated from Monte-Carlo simulations based on Poissonian
count statistics. The overlap fidelity is close to 98% and also the small trace
distance again underline the very good polarization coherence. Ideally one
would expect the overlap fidelity to be close to the process fidelity. However
there is an additional decrease of 1% from the 99% process fidelity to the
98% overlap fidelity. This can be most likely attributed to the much shorter
coherence time of the downconversion photons (around 2 ps) compared to
the attenuated diode laser (on the order of 1 us) together with non-perfect
temporal walk-off compensation.

For completeness, also the density matrices without correcting for acciden-
tal coincidences have been calculated. The resulting matrices are shown in
figures 2.15 and [2.16] They show decreased performance parameters due to
the non-corrected accidental coincidences, which are more pronounced for
the output, because here due to the low conversion efficiency the accidental
rates are — relative to the real coincidences — one order of magnitude bigger
than for the input state. The density matrix of the output state without ac-
cidental correction can be used to estimate the measured Bell value S (details
and the actual measurement in the next paragraph), that can be achieved
with this state. The S value estimated from this is S = 2.596(15), where the
error in this estimate stems again from Monte Carlo simulation assuming a
Poissonian count statistics.

Bell violation measurements

One of the most stringent demonstrations of the entanglement for the con-
verted, polarization-entangled state (of the 532 nm - 810 nm photon pair)
is the experimental violation of a Bell Inequality [§]. One of the most use-
ful forms of a Bell inequality is the CHSH type [15]. Here we use it in the
following form:

E(a> 6) o E<a7 5/) + E(aa 6/) + E(O/a 6/) <2 (250)
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Figure 2.15: Reconstructed density matrix of the input two photon
state (810 nm, 810 nm) without accidental correction,
F =95.91+£0.04%, P = 92.09+0.07% and T' = 84.3+0.1%
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Figure 2.16: Reconstructed density matrix of the output two photon
state (810 nm, 532 nm) without accidental correction, F' =
93.8 +0.3%, P =89.1+0.6% and T' =77+ 1%
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where the F(-,-) are the correlations defined in our case with the angles
a=0°a =45° 5 =22.5° (3 = 67.5°

o C’C'()",22.5° + C161900,112.50 - C'C’O",112.5° - C161900,22.50

BE(a, ) = 2.51
(@,5) CCe 22,50 + CCype 112,50 + CCoo 112,50 + CCypo 22 50 ( )
CCpo 6750 + CCypo o — CCyo o — CCypo 67.50
E(a, ) = 00,67.50 T CCooe 1575 0°,157.5 90°,67.5 (2.52)
CCe g7.50 + CCop0 157,50 + CCoe 157,50 + CCyoe 67.50
CCls0 9950 + CC1350 o — CCyso o — CC1350 99 50
E(, ) = a50,22.50 T C U350 1125 45°,112.5 135°,22.5 (2.53)
CCls0 2250 + CClsse 112,50 + CClso 112,50 + CCl350 2250
CCyso o +CC_yso o — CCYyso o — CC_y50 o
B, B) = 450 ,67.50 T 45°,157.5 45° 67.5 45°,157.5 (2.54)

CCluso 6750 + CC_u50 157.50 + CCuso 67.50 + CC_s50 157.50

Using the same setup as for the characterisation measurements the follow-
ing coincidences within 100 s for the different combinations of angles where
measured:

225° | 1125° |67.5°| 157.5°
0° | 1634 249 346 1475
90° || 186 1241 | 1073 283
E, | 0.737(12) | E, | —0.604(14)
225° | 1125° |67.5°| 157.5°
45° | 1181 282 1252 252
135° || 431 1177 160 1480
Es |0536(15) | E; | 0.738(12)

S = 2.615(27)>2 (2.55)

Combining these measurement yields an S-value which drastically violates
the classical bound of 2 (by more than 20 standard deviations) and therefore
proves the high degree of entanglement that is present in the converted state.
As emphasized before, no background subtraction whatsoever was used to
obtain this result. The experimentally measured S-value also agrees very
well, with the one theoretically deduced from the uncorrected density matrix
of the output state (see above) of 2.596(15).

The ideal value predicted by quantum mechanics would be S = 2v/2 ~ 2.828.
They main reason, why this was not experimentally observed are accidental
coincidences which reduce the measured S value by &~ 5%. The remaining 3%
reduction are caused by the reduced entanglement of the state with a fidelity
to the maximal-entangled state of around 97% (accidental corrected).
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2.5 Conclusions and outlook

Our setup is flexible, compact and robust; it uses simple bulk nonlinear mate-
rials, requires no complex cryogenic or vacuum apparatus, and is compatible
with standard integrated-fibre and waveguide technologies, and is thus well-
suited for large-scale deployment in quantum networks and possibly other
future quantum technologies benefiting from quantum frequency conversion.

For this work the experimental setup was designed for high-fidelity entan-
glement transfer without emphasis on efficiency. Using longer crystals and
moving to bi-directionally pumped schemes (e.g. Sagnac-type, or Michelson-
type interferometers [2]), which would solve the problem of the focus not
being located in the crystal centre, could increase the efficiency by more
than one order of magnitude.

Note that the wavelengths in the setup are interchangeable. Converting
810 nm to 532 nm, as demonstrated here, has its merits — custom 532 nm
single-photon detectors can have up to 10 times lower timing jitter than
their 810 nm counterparts and superconducting nano-wire detectors are more
efficient at shorter wavelengths. Upconverting 1550 nm photons, however —
particularly interesting for accessing fiber compatible wavelengths — can also
be achieved by pumping with 810 nm, where powerful lasers are readily
available.

As a side remark, we would like to stress that any polarization-coherent fre-
quency conversion device using sum-frequency generation is equivalent to a
polarization-entangled down-conversion pair source run in reverse. Therefore,
most advantages of the designs and technologies for perfecting entanglement
sources can be also used to optimise a quantum frequency-conversion experi-
ment. For example one could think of an polarization coherent upconversion
design, based on a polarization sagnac configuration in perfect analogy the
sagnac-based polarization entanglement source. The resulting setup would
benefit from the same advantages like auto-compensated phase, focus in the
middle of the crystal for increased efficiency and perfect equivalence of the
two arms (because the physically same crystal is used).

Finally, as an future challenge, we would like to raise the interesting possibil-
ity of simultaneously changing the photon bandwidth by suitably designed
phase-matching at the same time as converting the wavelength. This could
prove extremely useful, especially in the context of interfacing photons with
bandwidth-limited quantum memories.
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Entangled photons play a pivotal role in the distribution of quantum information in quantum
networks. However, the frequency bands for optimal transmission and storage of photons are often
not the same. Here, we experimentally demonstrate the coherent frequency conversion of photons
entangled in their polarization, a widely used degree of freedom in photonic quantum information
processing. We verify the successful entanglement conversion by violating a Clauser-Horne-Shimony-
Holt (CHSH) Bell inequality and fully characterise our near-perfect entanglement transfer using both
state and process tomography. Our implementation is robust and flexible, making it a practical

building block for future quantum networks.

Quantum frequency conversion of single photons offers
an elegant way to avoid the often difficult trade-offs asso-
ciated with choosing one wavelength which is optimal for
all parts of a connected quantum system. Quantum net-
works [1], for example, will facilitate the large-scale de-
ployment of secure quantum communication [2]. They re-
quire the distribution of entanglement using flying qubits
(photons) between quantum repeater nodes which can
coherently store entanglement in quantum memories and
concatenate it by entanglement swapping [3]. However,
the standard wavelength for optical fiber transmission is
1550 nm, where loss is minimised, whereas the highest ef-
ficiencies for coherent optical memories suitable for quan-
tum information applications have to date been achieved
in Rubidium vapour at around 800 nm [4]. Such is-
sues also arise in many other contexts, connected with,
e.g., detector performance (for 1550 nm photons), gen-
eral transmission and dispersion properties of materials
used or the availability of suitable laser sources. Coher-
ent frequency conversion of flying qubits can sidestep this
type of problem altogether.

The basic process underlying optical frequency conver-
sion is nonlinear sum frequency generation (SFG), where
a pump and an input field are combined in a nonlinear
medium to generate an output field with the sum of the
input frequencies. A major experimental motivation for
this has been to solve the detection problem for telecom-
band single photons, by converting them to the visible
regime and using, instead of InGaAs-based photodetec-
tors, the better performing Silicon detectors [5-8]. In
the single-photon regime, where the input field is much
weaker than the pump, near-100% conversion efficien-
cies can be achieved by optimising interaction nonlinear-
ities (e.g., by using waveguides [7, 8]) or by using high
pump intensities (e.g. with cavities [5], or pulsed pump
lasers [6]). Critically, the SFG process can also conserve
the quantum properties of the input light [9] and ful-
fil the fundamental requirements for universal photonic
quantum interfaces: firstly, the conversion process must

preserve the photons’ indistinguishability [10, 11] and
single-photon character [12]; secondly, it must also pre-
serve quantum information, and in particular entangle-
ment, stored in the photons. Polarization entanglement
is widely used in an array of quantum optics applications
because of the remarkable precision and ease with which
it can be generated, controlled and measured. While
phase- and polarization-maintaining conversion has been
shown for classical fields [13-15] and conservation of
entanglement has been reported for time-bin-entangled
photons [16], entanglement-preserving conversion in the
widely used and easily controlled polarization degree of
freedom has so far been achieved with highly narrow-
band photons using four-wave mixing in cold Rb vapour
in high-vacuum environments [17].

Here, we demonstrate coherent conversion of
polarization-entangled photons.  Our architecture is
compatible with integrated photonics technology by
using a compact, robust and simple design based on
bulk crystal nonlinearities and off-the-shelf components.
We stringently verified the entanglement transfer by
violating a Clauser-Horne-Shimony-Holt (CHSH) [18]
Bell inequality and fully characterised the near-perfect
entanglement conversion using quantum state and
process tomography. Coherent single-photon frequency
conversion which preserves polarisation entanglement
will be a key enabling step for future quantum optical
technologies, and devices like ours with flexible wave-
length tuning and robust designs will be critical to
making these practical in any realistic scenario.

In our experiment, figure 1, the polarization-coherent
up-conversion takes place in two orthogonally oriented,
periodically-poled KTiOPO4 (ppKTP) crystals. The
crystals are designed for type-I quasi-phase-matching for
810 nm + 1550 nm — 532 nm, and oriented such that
the horizontally (H) polarized component of the input
at 810 nm is converted to 532 nm (also H) in the first
crystal, and the vertical (V) component is converted
in the second. The crystals are placed close to each
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FIG. 1: Experimental scheme. (a) Polarization-entangled

photon source. Photon pairs are created by spontaneous para-
metric downconversion in a periodically poled KTiOPOy4 (pp-
KTP) crystal which is bi-directionally pumped by a 405 nm
diode laser in a polarization-Sagnac loop [19, 20]. (b) Po-
larization coherent up-conversion setup. Signal (810 nm)
and pump (1550 nm), are combined with a dichroic mirror
(DM) and focussed into the setup with a f = 50 mm lens
(L). The two polarization components of the input are up-
converted to 532 nm in one of two 4.3 mm long, orthogonally
oriented ppKTP crystals. The remaining 810 nm photons and
1550 nm pump light are separated from the 532 nm photons
with dichroic mirrors: one in transmission and two in a z-
configuration for multiple reflections. Two adjustable calcite
wedges (W) compensate temporal walk-off. ¢) The polariza-
tion analysis (and preparation for the process tomography)
is implemented with a quarter-wave plate (QWP), half wave
plate (HWP) and a polarizing element (PBS). The 532 nm
photons are then coupled into a single-mode fiber and de-
tected by a silicon avalanche photo-diode (Si-APD). The co-
incidences with the second 810 nm photon are identified by
home-built coincidence logic.

other to maximize conversion efficiency as well as sta-
bility, and to minimize potential sources of mode distin-
guishability, which would decrease the polarization co-
herence. Chromatic dispersion and crystal birefringence
cause a combined temporal walkoff of ~ 1.8 ps between
the orthogonal polarization components, similar to the
photon coherence time [20]. To render the output pho-
tons indistinguishable, we compensate this walk-off with
a pair of birefringent CaCOs3 (calcite) wedges with a
combined thickness of ~ 3 mm. Thus, an input state
éi = (|Hs10Hs10) + |Vs10Vk10))/V/2 is converted into:

Yout = Nar|Hs10Hsz2) + €1y | VaioVasz)- (1)

The phase 6, as well as the relative conversion effi-
ciency ng/ny between the two crystals can be con-
trolled through the polarization state of the 1550 nm
pump laser beam, which we adjust with fiber-polarization
controllers. The pump laser system consists of a tun-
able, fiber-coupled external-cavity diode laser amplified
to 1 W with a high-power erbium-doped fiber amplifier.
The pump field and the entangled photons were com-
bined with a dichroic mirror and focused to spot sizes of

~ 70 pm (1550) and ~ 50 pm (810). After recollimation,
the 532 nm light was separated from both the 1550 nm
pump and the 810 nm photons via multiple reflections off
three dichroic mirrors, suppressing the unconverted 810
nm photons by at least 100 dB. The up-converted 532 nm
photon and its entangled 810 nm partner photon were
then subjected to polarization analysis and detected by
single-photon avalanche photo diodes, with a detection
efficiency of around 50% both at 532 nm and 810 nm.

In our experiment, the optical conversion bandwidth -
an important parameter in frequency conversion setups -
is determined by the phase-matching properties and the
length of the crystals used. The 4.3 mm long ppKTP
crystals provide an up-conversion bandwidth for the 810
nm photons of 410 GHz FWHM (0.9 nm). By compari-
son, the spectral bandwidth of photons used in the exper-
iment was 250 GHz FWHM (0.55 nm), well below this,
thus excluding any significant reduction of the conversion
efficiency.

The conversion efficiency of this setup for Gaussian
beams is theoretically given by [5]:

n = sin?(7/21/ Pp/ Prmaz),

P = M )
128d%;Lh,

with pump beam power FP,, input and output wave-
lengths A 2, the corresponding crystal refraction indices
nq,2, the effective nonlinearity deg, crystal length L and
the focussing factor h,, (for Gaussian beams). The spot
sizes of ~ 70 pm (1550) and ~ 50 pm (810), correspond-
ing to a focussing parameter ¢ = % (with Rayleigh
length zg) of about 0.8 for both beams, yield h,,~0.6.
For the maximally available pump power of 1 W and a
single 4.3 mm long crystal we thus expect an efficiency of
~0.8%. Experimentally, calibration measurements with
a 810 nm laser diode resulted in 270 nW of 532 nm
light converted from an input of 28 W at 810 nm. Ac-
counting for the wavelength difference and ~ 16% optical
loss, this implies an observed up-conversion efficiency of
~0.6%. The discrepancy between theory and measure-
ment is likely due to a slightly lower effective non-linear
coefficient caused by non-perfect periodic poling.

For polarization-coherent operation we convert one
photon of an entangled 810 nm/810 nm pair in the ¢™
state created by our entangled photon source. From
7.3 x 10* counts per second (cps) input photon pairs, we
detected 15 cps pairs after conversion, yielding an effec-
tive up-conversion efficiency of ~ 2 x 10~%. Considering
fiber coupling losses of 50% this corresponds to an in-
trinsic conversion efficiency—directly after the crystals—
of about 0.04%. After accounting for the reduction by
50% because each crystal is pumped at half the pump
power and another ~ 82% because the beam focus is
located between the two crystals instead of the crystal
centers, this number is in good agreement to the the-



oretical efficiency—primarily limited by available pump
power—and our auxiliary laser diode measurements.

A stringent way to demonstrate that polarization en-
tanglement is preserved in the conversion process is the
violation of a Bell inequality [21], in our case the CHSH
inequality [18] for the converted, 532 nm/810 nm polar-
ization state:

S = E(,B) - E(a, p') + E(e/, B) + E(o, 8') <2, (3)

where E(:,-) are the correlations for joint polarization
measurements on two photons along the angles a =
0°,a/ = 45°,8 = 22.5°, 8" = 67.5°. A Bell value above
the classical bound of 2 implies that the measured state
is incompatible with a local realistic model [18, 21] and is
thus entangled. With about 15 cps coincidence rate and
integrating over 100 seconds for each measurement, we
recorded the coincidences for the 16 combinations of mea-
surement angles which includes the combinations with
the additional 4 angles rotated by 90 degrees from the
above mentioned angles which is necessary to evaluate
the bell parameter when using only one detector on each
side with polarization filters. We obtained an experimen-
tal Bell parameter of

Sexp = 2.615 £ 0.027, (4)

which violates the classical bound by more than 20 stan-
dard deviations. The observation of entanglement in the
output state is striking, because the original 810 nm pho-
ton has been annihilated and created again in the 532 nm
mode—a rather invasive interaction.

To assess the quantum nature of the up-conversion pro-
cess, we characterized it using tomographic techniques.
We first performed process tomography [22, 23] with a
strongly attenuated laser diode to assess the intrinsic,
i.e. independent of non-perfect detector-performance,
dynamics of the entanglement transfer. We prepared
the input states {|H), |V), |D),|A), |R),|L)} and, for each
input, measured the the same set of 6 observables for
the up-converted 532 nm single-photon output, where
D) = ([H) + [V))/V2, |4) = (H) — [V)/V2, |R) =
(|H) +i|V))/v/2 and |L) = (|H) —i|V))/v/2. According
to Eq. 1, for =0 and balanced conversion, ng=ny, the
ideal process matrix Yidgeal has a single non-zero element
(I, 1) in the Pauli basis representation. This is very close
to the reconstructed process matrix, figure 2 which has a
process fidelity [24] to the ideal case of F = 99.23+0.01%.
This indicates that the conversion process has excellent
polarization coherence.

We subsequently characterized in detail the entangle-
ment transfer: we performed two-qubit quantum state
tomography [24] on both the entangled photon input
state and the entangled photon output state and com-
pared the two (see figure 3). For this we measured a
total of 36 combinations of the 6 single-qubit observables
{|H),|V),|D),|A),|R),|L)}, for a measurement time of

FIG. 2: Process matrix x (Pauli-basis representation) for
polarization-coherent up-conversion, characterised with an at-
tenuated 810 nm diode laser. The different elements of x
access what kind of operation—decomposed into the Pauli-
operations—an input state is subject to, with the dominating
element denoting the identity operation. The calculated pro-
cess fidelity F and purity (P) are F = 99.23 £+ 0.01% and
P = 98.54 £ 0.01%. Error margins for F and (P) are deter-

mined assuming from Poissonian count statistics.

1 second for the 810 nm/810 nm polarization-entangled
input state and 100 seconds for the 810 nm /532 nm out-
put state in which the first 810 nm photon remained
unchanged. We used maximum-likelihood optimization
to reconstruct the two-qubit density matrices from these
measurements, and calculated several key diagnostic pa-
rameters: the input state fidelity (with the maximally
entangled Bell state ¢™) is F,, = 95.91 £ 0.04% and
tangle is 7, = 84.3 £ 0.1%. These values decrease to
Fpowe = 93.8 £0.3% and T,,,, = 77+ 1% for the (par-
tially) up-converted states.

out

FIG. 3: Reconstructed (accidental-corrected) two-qubit den-
sity matrices of entangled input states and output states a)
Input state (810 nm/810 nm) with a corresponding fidelity
with respect to the ¢ state of Fi, = 97.93 4+ 0.03% b) Out-
put state (810 nm/532 nm) with Foue = 96.7 £ 0.2%. The
fidelities as well as the values for the purities (P) and tangles
(T) of the input and output states are summarized in figure 4.
Error margins follow from Monte-Carlo simulations assuming
errors from Poissonian count statistics.

An error analysis shows that the most significant er-
ror contribution was caused by accidental coincidence
counts, which occur when two photons from unrelated



pairs are recorded within the coincidence time window.
Double-pair emissions were negligible and we did not
observe any statistically significant pump-induced back-
ground counts. We estimated the accidental coincidence
rates for every input and output measurement configura-
tion by splitting one of the detector signals and measur-
ing the coincidences with a relative time delay between
the channels.

An error analysis shows that the most significant error
contribution for both tomographic and Bell-test results
was caused by accidental coincidence counts, which oc-
cur when two photons from unrelated pairs are recorded
within the coincidence time window. These cannot be
fully distinguished from the correlated pairs, because the
limited timing resolution of the single photon detectors
(=~ 1 ns) is much longer than the photon’s coherence time
(= 3 ps). However, compared with the total coincidence
count rate, the accidental count rates were mostly much
lower, only reaching comparable levels for the polariza-
tion combinations exhibiting minima in the coincidences
due to the high-fidelity entanglement. Note that this is
itself an indication of the high quality of the polarization-
preserving process. We did not observe any statistically
significant pump-induced background counts. We esti-
mated the accidental coincidence rates for every input
and output measurement configuration by splitting one
of the detector signals and measuring the coincidences
with an additional relative time delay between the chan-
nels. We now subtract these accidentals from the raw
coincidence counts in reconstructing our output states to
probe the intrinsic quality of the up-conversion process.

The resulting density matrices are shown in figure 3.
The parameters for the corrected output states are
Foow = 96.7£0.2%, Py, = 94.7£0.4% and T, ., =
88+1%. These and the corresponding values calculated
from the accidental-corrected (as explained above) input
state are summarized in figure 4. The exceptional qual-
ity of the polarization entanglement transfer is further
highlighted by the overlap fidelity between the entangled
input and output states of F, =978 +0.4%.

in,Pout

0.6

F P T

FIG. 4: Summary of the quality parameters for the acciden-
tal corrected input states pin (dark) and output states pout
(light): Fidelities F, purities P and tangle 7. Error bars
were obtained from Monte-Carlo runs of the tomographic re-
construction with assumed Poissonian count statistics.

To conclude, we have shown and verified the conver-
sion of polarization entanglement with intrinsically near
unity fidelity using quantum state and process tomogra-
phy. We furthermore violated a Bell inequality for the
converted state. Our setup is flexible, compact and ro-
bust; it uses simple bulk nonlinear materials, requires no
cryogenic or vacuum apparatus and is compatible with
standard integrated-fibre and waveguide technologies. It
is thus well suited for large-scale deployment in quantum
networks and other quantum technologies where wave-
length conversion is essential. Our conversion efficien-
cies are close to the theoretically calculated limit im-
posed by the available pump power and can be straight-
forwardly enhanced by known techniques to achieve near
unity single-photon efficiencies [5-8]. Specifically, for our
polarization coherent design the efficiency can be sig-
nificantly increased by using longer crystals and mov-
ing to bidirectionally pumped schemes (e.g. Sagnac-, or
Michelson-type interferometers [14]). Importantly, with
pump schemes like ours where the pump has a lower fre-
quency then the converted photons [25, 26] the conver-
sion can remain free of pump-induced noise even at the
required high pump power.

Converting 810 nm to 532 nm, as demonstrated here,
can be important for various reasons; for example cus-
tom 532 nm single-photon detectors can have up to
10 times lower timing jitter than their 810 nm counter-
parts and superconducting nanowire detectors as well as
CCD-based imaging systems are more efficient at shorter
wavelengths. The quasi-phasematched interaction allows
very flexible wavelength tuning (by temperature tun-
ing of the crystal or adjusting the pump wavelength)
Moreover, the wavelengths in our setup are interchange-
able. Up-converting 1550 nm photons can be achieved by
pumping with 810 nm, where powerful lasers are readily
available. Coherent frequency conversion also opens up
avenues in fundamental physics, such as enabling access
to superposition bases for color qubits [27]. Finally, a fu-
ture interesting challenge will be to also change the pho-
tons’ spectral bandwidth during frequency conversion via
suitably designed phase matching similar to [28]. This
could prove useful for interfacing photons with narrow-
bandwidth quantum memories.
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62 CHAPTER 3. COHERENT PHOTON CONVERSION (CPC)

In this chapter the novel scheme of coherent photon conversion (CPC) is in-
troduced and the results of a first proof of principle experiment are presented.
The chapter is divided into different sections: the first giving an overview of
the motivation and state-of-the-art, followed by an outline of the principles
and main applications related to CPC and some principles related the exper-
iment. In the next section, the experimental setup is described. Finally, the
experimental results are shown and analyzed and the conclusions from these
and an outlook are presented.

The presented project, which resulted in the attached publication [cite] was
undertaken in a strongly collaborative way, involving all co-authors of this
publication, but especially Nathan Langford. Particularly, much of the ma-
terial of this publication has also been adopted for parts of this chapter.

3.1 Introduction

Encoding quantum information in single photons has been used with huge
success in the last decades in quantum experiments. For example, photonic
qubits were used in the earliest fundamental quantum experiments demon-
strating entanglement[I4] and also to produce the highest-quality entangle-
ment reported to date[7, 25]. In general, photons offer remarkable advantages
for experimental implementations: they show virtually no decoherence be-
cause the do not couple to the environment. Also single qubit manipulations
are very easy to accomplish leading to robust and compact experiments usu-
ally without any vacuum or cryogenic requirements. Consequently, photons
have been suggested very early as promising candidates for the physical im-
plementation of quantum information processing (QIP) including universal
quantum computation[58]. Universal quantum computers would lead to po-
tentially revolutionary applications because they promises to greatly increase
the efficiency of solving computational problems not tractable by classical
computers such as factoring large integers or search and optimisation prob-
lems as well as combinatorial optimization or the simulation of otherwise too
complex quantum physical systems.

However, one of the key challenges for photonic QIP is to induce strong inter-
actions between individual photons, which cannot be realised with standard
linear optical components. The seminal proposal by Knill, Laflamme and
Milburn for linear optics quantum computing[41) [42] (LOQC) could sidestep
this problem by using the inherent nonlinearity of photodetection and non-
classical interference to induce effective nonlinear photon interactions non-
deterministically.
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One important necessary criterion for universal quantum computation is the
availability of two-qubit entangling gates. Linear optical entangling gates for
two photons implemented so far[62], 59] are, however, non-deterministic and
based on post-selection. This has the consequence that they are not easily
concatenateable, which would be necessary for building up quantum circuits
with many gates. Another challenge of implementing LOQC are determin-
istic sources of indistinguishable single photons. Spontaneous parametric
downconversion (SPDC) has been an overwhelmingly successful technique
for the creation of heralded single photons and entangled photon pairs as
well as multi-photon entangled states|89]. Despite this, due to the intrinsi-
cally probabilistic emission of photons in this process and also the significant
error contributions from higher order terms SPDC alone is not suited well
for scaling the number of photons up to high numbers. Alternative sources
of single photons — for example based on semiconductor quantum dots — cur-
rently also have significant limitations like low collection efficiencies or poor
quality of the spectral characteristics that make them not yet viable solutions
for the problem of the scalable creation of many single photons.

A third major obstacle to reach universal quantum computing with photons is
the non-unity detection efficiency of currently available detectors. However,
recent progress in the development of so called transition edge detectors
(TES)[54] based on superconducting bolometers and close to 100% detection
efficiency promises to solve this issue in the near future. A drawback there
is that TESes require very low temperatures to operate (<100mK) and very
sophisticated electronics is necessary to operate and read out this type of
detector.

In contrast to LOQC, nonlinear optics quantum computing (NLOQC) takes
a different approach by directly using intrinsic nonlinearities to implement
multiphoton interactions. NLOQC schemes have been proposed using dif-
ferent types of optical nonlinearities, including cross-Kerr coupling[57] and
two-photon absorption[27]. Since then, more complete multimode analyses
of the cross-Kerr NLOQC schemes suggest that they cannot in fact produce
phase shifts large enough for NLOQC because of spectral correlations created
between the interacting fields|[76], but these difficulties can be circumvented
in the related case of strong x(® interactions by carefully engineering the
phase-matching conditions[53].

In this work, we introduce a general process —coherent photon conversion
(CPC). We show that this is an extremely versatile process which provides
a range of useful photonic QIP tools. Remarkably, this includes solving
the mentioned three main obstacles for photonic quantum computing with
a single process: by enabling high-quality heralded sources of multiphoton
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states (scalable source of many single photons), enhancing robust and efficient
single-photon detection and most importantly a novel deterministic two-qubit
entangling gates can be realized by harnessing a new type of deterministic
photon-photon-interaction provided by the CPC process.

CPC itself is based on an effective quadratic (three-wave mixing) nonlin-
earity which is created by pumping higher-order nonlinear interactions with
one or more bright classical fields. In our proof-of-principle experiment we
specifically use a x©® nonlinearity pumped by one strong pump field using
a photonic crystal fiber (PCF). Such fibers have show high nonlinearities
in experiments creating photon pairs with very high brightness[67, [4]. In
those experiments the two degenerate input modes of the four-wave-mixing
interaction are pumped by single laser realizing photon pair creation by spon-
taneous four-wave-mixing. The crucial experimental difference and novelty
of our scheme is that we only pump one of the input modes of the four-
wave-mixing interaction resulting in an effective x(® non-linearity for the
remaining three modes.
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3.2 Principles

In this chapter the basic concepts describing the general coherent photon
conversion (CPC) process are laid out starting from introducing the general
process for a kth-order nonlinearity with n quantum and m pump fields. This
is followed by deriving the timing evolution for the here considered and im-
plemented special case of a CPC interaction using a 3rd-order non-linearity
with one pump and 3 quantum fields. It further includes a derivation of
the approximate interaction strength for the parameters of our experiment.
Following this, it will be explained how CPC in the deterministic regime can
enable a number of very important building blocks in quantum information
technologies. This includes optical quantum computing, whose three main
open problems CPC offers to solve: scalable multi-photon sources, near unity
detection efficiency and most importantly a deterministic photon-photon in-
teraction enabling a deterministic two-qubit entangling gate. The last sub-
section is dedicated to spontaneous four-wave-mixing, which is important for
an intermediate result in our measurements.

3.2.1 Coherent photon conversion

Nonlinear optics with classical (laser) fields is well known and studied ex-
tensively for many decades both theoretically and experimental. A more re-
cent impact on the field of quantum optics has been using non-linear optics
involving quantum fields with processes like spontaneous parametric down-
conversion (SPDC) or spontaneous four-wave-mixing (SFMW) were pairs of
(entangled) photons can be created as well single photon conversion based
on sum frequency generation or four-wave mixing with two pumps, where
single photons can be coherently converted between different wavelengths.

With CPC we now want to introduce a more general concept: Consider the
nonlinear interaction of k different light fields mediated by a (k-1)-th order
optical nonlinearity. Of these k light fields n fields are quantum fields and m
strong classical pump fields (k=m+n). The concept of "nm-CPC” describes
now the situation in which the m strong classical pump fields create an
effective nth-order linearity for the n quantum fields. The strength of such an
effective non-linearity can be controlled (and enhanced) with the m classical
pumps. Such a scheme is very general and in fact would include the above
mentioned processes like SPDC (n=2, m=1) or SFWM (n=2, m=2) as a
special case. However, the first novel and non-trivial special case, which has
very interesting special properties with a vast potential for application in
quantum optics is the case with n=3 and m=1. This special case — (3,1)-
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CPC — is the one that is mostly concentrated on in the following and is
therefore more simply referred to as "CPC”.

The such considered CPC process is a four-wave mixing interaction created by
a third-order non-linearity x®. The fully quantized interaction Hamiltonian
for the 4 non-degenerate modes is then given by:

H = ~yab'c'd + v*a'bed?, (3.1)

where v is the strength of the interaction arising from the third-order (x*)
nonlinearity of the medium. Mode d is now pumped by a strong, non-depleted
laser field (pump laser) which can be treated classically. This leads to an
interaction Hamiltonian that is an effective y?-interaction, but with an in-
teraction strength that can now be tuned and enhanced with intensity of the
pump laser in mode d:

H = Fab'c" +5*albe (3.2)
where 7 o< vE),, the electric field strength of the pump.
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Figure 3.1: Timing evolution of the CPC-process according to equa-
tion starting from the input state [100). It shows the
resulting Rabi-like oscillations for the probabilities of the
two basis states |100) (blue curve) and |011) (red curve) as
a function of the interaction parameter I't.

To explain the basic CPC operation, here we use a simple single-mode “time-
evolution” model where the modes satisfy energy conservation — Aw = w, —
wp — We + wg = 0 — and we further assume for the moment perfect phase-
matching. The key to understand the basic properties of the process is to
look at its effect on input Fock states of the form |n,nyn.). In particular, the
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Hilbert space defined by the set of states H?|n,nyn.) (for all j) is a greatly
restricted subspace of dimension (n, + min(ny,n.) + 1). Consequently, if
the quantum state starts in a product number state, it will evolve entirely
within a finite subspace and will therefore exhibit the collapses and revivals in
individual population elements which are characteristic of coherent quantum
processes. The most important example of this for our scheme is the case
which evolves within the two-dimensional subspace, {|100),|011)} because
H|100) o< [011) and H?|100) oc |100). Thus, the coupling induced by the
Hamiltonian then drives Rabi-like oscillations between the two basis states.
This can easily be seen by directly solving the Schroedinger equation. Given
|100) as an input, the output state then evolves as:

[(t)) = cos (I't) [100) + Z|Z—| sin (I't) |011), (3.3)
where I' = |§| /h and which is plotted in figure There are two important
characteristics of this evolution that are crucial to understand the potential
CPC offers. First, for an interaction parameter of /2 starting from a single
photon in mode a exactly 2 photons are created one each in mode b and
¢ — which represents deterministic photon doubling. Second, starting the
interaction with a input state of two photons one in each mode b and ¢
|011) will after a full oscillation (I't = ) yield the state —|011). A Berry
like phase of ”-” is acquired! This represents a novel type of deterministic
photon-photon interaction and enables a deterministic two-qubit entangling
gate. The full implications and usefulness of this will now in detailed be
explained in the following subsection.

3.2.2 Applications of efficient CPC
Deterministic entangling gates and photon doubling

The DiVincenzo criteria describe the basic conditions for a viable imple-
mentation of quantum computing[19]. For photonic quantum information
processing there are three main unresolved challenges: good multi-photon
sources, reliable multi-qubit interactions, and robust, high-efficiency single-
photon detection. We show here that CPC provides tools to solve all three
of these issues with a single process (figures and just by choosing

different interaction strengths.

Figure illustrates how CPC directly implements a two-qubit controlled-
Z (CZ) gate between the photons in the two modes b and c. The key insight
is that CPC, like any coherent process which cycles between two orthogonal
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Figure 3.2: Solving the DiVincenzo criteria with 4-CPC. (a) Determin-
istic controlled-phase gate. A “zr” CPC interaction imple-
ments an entangling CZ gate between two logical states of
frequency non-degenerate photons (e.g., polarisation or spa-
tial encoding). (b) Scalable, deterministic photon doubler.
A “r/2” CPC interaction (7=7/2I') can be used both to
convert any single-photon source into a good source of multi-
photon states and to perform high-efficiency, low-noise de-
tection at any wavelength. (c) Deterministic photon dou-
bling cascade. The scalable photon doubler from (b) (de-
picted by the symbol shown in the inset) can be directly
chained to create a deterministic cascade for either multi-
photon state preparation or detection enhancement.

states, exhibits geometric (Berry’s) phase effects[9] (cf. the all-optical switch
demonstrated in Ref.[84]). Therefore, for ¢ = 7/T", an input state |011) will
undergo a full oscillation and pick up a 7 phase shift, giving the final state
—|011). Because this phase shift only occurs when two single photons are
present, this controlled phase shift can be used to implement a maximally en-
tangling CZ gate with 100% efficiency. Note that this is a truly non-classical
geometric phase which has no equivalent with classical input states. This CZ
gate can also be switched very fast optically (by switching the bright clas-
sical pump beam in and out, cf.[84]), allowing the fast, real-time “rewiring”
of optical quantum circuits. This may have application in various adaptive
quantum schemes such as quantum phase estimation or adaptive quantum
algorithms and might be particularly useful in wave-guide and integrated-
optics architectures.

The second important case is, when the input undergoes exactly half an
oscillation (t = 7/2I'). Then a single photon is converted coherently and
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deterministically (i.e. with 100% efficiency) into two single photons: a deter-
ministic photon doubler[43]. Note that this can be also used in the reverse
direction as deterministic two-photon absorber. Figure illustrates one
method for implementing a scalable photon doubler, allowing them to be
chained together to create an arbitrary number of photons. This efficient
photon doubling cascade (Fig.|3.2c) can be used to create a good source of
multi-photon states from any source of genuine single photons (on-demand or
heralded). Also note that the photon doubler can be used in conjunction with
existing methods to create arbitrary, heralded (perhaps also non-locally pre-
pared) entangled Bell-type two-photon and GHZ-type three-photon states.
Indeed, these tools can be used directly to perform the encoding step for a
simple 9-qubit error-correction scheme|[78].

Efficient detectors
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Figure 3.3: Efficient detection via a photon-doubling cascade. (a) Effec-
tive efficiency 7n.r¢ as a function of the individual detector
efficiency 7 for a detector cascade with 3 cascade steps (n=8
output photons) and a k-fold coincidences. It is plotted for
different k between k=1 (red) and k=8 (violet). (b) Pre-
dicted counts for a simulated probabilistic experiment with
105 rep. rate, 1072 incident photon probability and 1072
(individual detector) dark count probability (i.e., SNR=1),
using the same doubling cascade with n=8 and k’s between
1 (red) and 8 (violet).

The idea to enhance single photon detection with CPC is relatively straight
forward: Prior to the detection of the photon it is repeatedly doubled (in
a cascade as in figure ) Then as many detectors as output modes can
be employed with a greatly enhanced effective detection efficiency (at even
enhanced signal to noise ratios, if coincidence detection of two or more de-
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tectors is used). Figure|?7?|shows the effective detector efficiency for a 3-step
cascade, which produces 8 (2%) photons, and various k. When k = 1, it is
clear that the detector efficiency can be greatly increased, although there is
naturally some trade-off when coincidence detection is used to suppress the
dark counts. Figure[?7]illustrates how this scheme would improve both count
rates and signal-to-noise ratio in an example where the single-detector dark
counts are as large as the signal. Interestingly, without using coincidence de-
tection to suppress it, the effective dark count noise is actually higher for the
cascade than for an individual detector. This effect is quite obvious in the
example shown, because we deliberately chose an extremely high dark count
rate, but it is already overcome with k=2 only. In many cases, however, the
raw dark count probability is much less than the signal rate and this effect
is not significant.

Scaling up for multi-photon sources

(a)

0.8
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0.6
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Figure 3.4: Heralded single-photon source. (a) Evolution of |n,00)
populations under the CPC interaction for n,=1, 2 & 3.
(b) Number-state populations after each filtering step for
t=n/T’, giving |1),. Combined with a single photon-doubling
step and given only a weak coherent state with |a|?> = 1.5
as input, this scheme gives a heralded single-photon source
with heralding efficiencies of ~56% and virtually no higher-
order photon-number terms (<0.3%) in only 5 steps.

In order to achieve scalable operation, we need a small number of basic
units which can be simply connected together in an appropriately designed
network. For example, the wavelengths of the photons at the outputs of
each unit should be compatible with the input modes of the next unit. Here,
we suggest two different approaches to achieve this goal. Both methods
use entirely processes that use the same type of CPC interaction and can
in principle be made 100% efficient. Finally, both methods can also operate
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with four near-degenerate frequency modes and are therefore compatible with
the enormous standard telecommunications toolbox.

Method 1 which is illustrated in Fig. [3.2|(a), builds the photon-doubling units
from two stages, both of which utilise the same CPC interaction. The first
stage uses the basic CPC interaction to take a single photon at w, and creates
single photons at w;, and w.. The next stage modifies the same interaction
simply by adding an extra pump beam at either w;, or w., thus creating a
process which implements single-photon frequency conversion between the
remaining mode (¢ or b) and the original mode, a. Thus, using the same
CPC interaction and the same high-power pump at w,, with the addition of
two relatively low-power pumps at w, and w,., the output photons from the
photon doubler can be individually converted back into photons at the origi-
nal frequency, w,. The required resources for this process scale linearly with
the number of output photons (one CPC photon doubler and two CPC fre-
quency converters per extra photon). The controlled-phase gate illustrated
in Fig. (b), which takes input photons at frequencies w, and w,., can be
modified in a similar way using frequency conversion to build a unit which
implements a controlled-phase gate between input photons at w,. Of course,
in any network of such units, a number of these frequency conversion stages
will be able to be avoided to minimise the total number of nonlinear inter-
action steps used.

Method 2 takes a slightly different approach (Fig. . So far, we have consid-
ered only the CPC process involving four distinct frequency modes (described
by the Hamiltonians H = yab'c'd" +~*a’bed or H = ~yab'c'd+~*atbed’), but
it is also possible to implement a special case of this process when the two
modes b and ¢ have the same frequency (i.e. they are completely indistinguish-
able modes). In this case, the full Hamiltonian is, e.g., H = yab"2d+~*a'b?d",
and when mode d is pumped by a bright classical laser beam, F, the effective
Hamiltonian reduces to H = Jab'? +4*a’h?. This modified form of CPC also
implements a photon doubling process, but takes a single-photon input at w,
and produces a two-photon Fock-state in w,. Then, by embedding this in two
arms of an interferometer, the two degenerate and indistinguishable photons
can be deterministically separated into different modes via a “reverse Hong-
Ou-Mandel”-type interaction at a beam splitter (|2,0) + [0,2) — |1,1)).
Each of these photons (at w,) can then in turn be converted in a similar
way into two photons at w, using the same CPC interaction with a differ-
ent high-power pump frequency. By alternating between these two process,
the photon doubling cascade can therefore be scaled up to larger systems.
As with Method 1, this approach is built using units with the same type of
CPC interaction, this time simply with two different pump frequencies. Once
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Figure 3.5: Method 2: a) Doubling of mode a into two photons in the
degenerate mode b. The separation of the two photons into
different modes is achieved via a “reverse Hong-Ou-Mandel”-
type interaction at a beam splitter (|2,0) +(0,2) — |1,1)).
With the pump field E. energy conservation given by w, +
we = 2wyp. b) Analogue doubling but with modes a and b
swap their roles with now mode a being degenerate. With
a different pump field £y Now energy conservation is given
by wp + wg = 2w,. ¢) Cascaded concatenation of a) and b)
to achieve scaling up to high number of photons.

again, this scaled process requires only linear resources to create n-photon
states (three CPC photon doublers per extra 3 photons).

Entanglement sources

The cascaded photon-doubling technique for efficiently generating multi-
photon states is not limited to generating simple pure product states. Fig-
ures (3.6] E and (3 - illustrate CPC circuits for generating both bipartite
and genuine trlpartlte entanglement. For example, if two polarisation states
of an input single photon are split up in a polarisation-sensitive interferom-
eter (e.g., a Mach-Zender interferometer using polarising beam displacers,
or a Sagnac loop) and if a photon doubling interaction is applied to both
polarisations, then the same process can be used as a source of polarisation-
entangled photons [Fig. [3.6(a)]. The same result could also be achieved using
a “crystal-sandwich” arrangement. Existing experiments have already re-
peatedly demonstrated that these techniques produce extremely high-quality
entanglement with spontaneous parametric down-conversion. Note that, by
tuning the polarisation of the input single photon, we can generate differ-
ent (both maximally and non-maximally) entangled states. These states can
even be prepared non-locally [Fig. |3.6(c)]. Finally, Fig. [3.6(d) illustrates
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Figure 3.6: CPC circuits for creating (a) bipartite and (b) tripartite en-
tanglement. (c¢) A CPC circuit for generating arbitrary, non-
locally prepared, non-maximally entangled states. (d) A di-
rect implementation of the error-correction encoding step for
a simple 9-qubit code.

how these basic building blocks can be combined to directly implement the
encoding step of an error-correction protocol using a simple 9-qubit code.

Higher-order applications: Fock-state preparation

Table shows interaction lengths and target-state transmission probabili-
ties for some early “revival” peaks from different photon-number input states,
which have the potential to be used for Fock-state filtration. Because of the
complexity of higher-order eigenvalues, longer interactions are generally re-
quired before a significant revival occurs, which is even then generally not
100% efficient. This lowers the success probability of the Fock-state prepara-
tion for higher-order states, but for lower orders, quite pure Fock states can
be prepared non-deterministically with relatively few interaction steps and
quite high probability. For example, as mentioned in the main text, with
~56% probability, a single-photon state can be prepared with fidelity and
purity greater than 99.6% using a weak coherent input state (Ja?* = 1.5)
with only 5 steps [Fig. [3.4(b)].
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target interaction target
state 't (xm)  transmission
1) 1 1.000
2) 2/V/6 1.000
3) 5.805 > 0.9998
4) 2.154 > 0.9999
5) 21.278 > 0.990
6) 11.100 > 0.996
7) 9.390 > (0.986
68.972 > 0.995
8) 20.024 > 0.93

Table 3.1: Revival peaks for higher-order input states.

Higher-order applications: better down-conversion

We now briefly outline how the CPC interaction can be used to implement
a “better” form of down-conversion. Specifically, consider an input state
to mode a that contains higher-order Fock states, such as a weak coher-
ent state or the heralded single-photon state created by triggering from a
down-conversion pair, and assume that the interaction time corresponds to
an integral number of complete oscillations of the |200) input state (i.e.,
I'7=2mm/+/6). In such a situation, the |100) term will have converted to
|011) with some finite probability, but the |200) will have remained uncon-
verted with 100% probability, allowing the creation of correlated “down-
conversion-like” photon pairs, with no |[022) term. Figure shows the out-
put of this process after each of the first three |200) oscillation periods, given
weak coherent input states with a range of average photon numbers. For
both two and three periods [Figs [3.7(b,c)], the CPC process produces sub-
stantially higher pair-emission probabilities with much higher fidelity than a
standard down-conversion source with comparable emission rates. This tech-
nique can also provide improved higher-order characteristics using a heralded
single photon from standard down-conversion as the input.

3.2.3 Coherent photon conversion efficiency

In the following calculation we aim at theoretically estimating the interaction
strength of our target four-wave-mixing process for a range of experimental
parameters. We start with an ansatz similar to [4], that relates the interaction
Hamiltonian of the four-wave-mixing process to the x® non-linarity of the
material and the energy density U associated with the four coupled fields £,
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Figure 3.7: Better down-conversion using the CPC interaction. Over-
all one-pair detection probability per pulse (blue) and fi-
delity of a “heralded” state with the one-pair state (green)
for a particular total photon-emission probability per pulse
(red). Solid circles show the results for interaction times:
(a) T't=27//6, (b) I't=47/\/6 and (c) I'r=67/v/6. For
comparison, the lines show the results for standard down-
conversion with the same herald detection probability.

E,, By, and E..

From:

H = / avo (3.4)

U = ex®(E,EEE, +h.c) (3.5)

with €y the vacuum permittivity and the integral taken over the quantization
volume, it follows:

= / AV (cox® B, BBy + hc.). (3.6)

For the further derivation we now need to quantize the electric fields of all
modes but the pump which is treated as a strong classical and undepleted

field:
. [hwi v
Ei = d (CLiT + ai)ui(r) (37)
260

Here w; represents the optical frequency of the associated mode and ;' and
a; the respective creation and annihilation operators. The mode functions wu;
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need to be normalized by:

/ AV (it (r) = — (3.9)

No

where ng is the refractive index of the medium the interaction takes place in.

At this point we use an approximation for the mode functions of the inter-
acting modes including the pump mode. We assume they are Gaussian wave
packets with extensions given by the pulse duration 7, of our pump laser (6
ps) and the effective mode field diameter 2wy of our PCF (1.8 pum). As a
further approximation we for the moment treat all of the modes as single
spectral modes. We also approximate that the mode field diameters are the
same for all modes, irrespective of their different wavelengths. The correctly
normalized mode function for all modes can then be written (in cylindrical
coordinates) as

u(r,z) = cye “*oe "% (3.9)
v = (2m)° 2 (3.10)

»Jk\OJ

(wilono)

The normalization constant was cy determined by integration of the un-
normalized u(r,z). The pulse length [y is given by 2ly = “22. After inserting
everything into equation and leaving out all terms w1th combinations of
creation and annihilation operators that violate energy conservation (w, +
We = Wp + w,) We arrive at:

. hw, [h hwe , . . -
H=¢x® | E, |\/ d \/ wb\/ ~ (Gt ! —i—hc)/d\/cjl\,u(r)4 (3.11)

260 260 260

The last integral can actually be evaluate for our approximated mode func-
tions resulting in a "mode overlap factor” Iy;p of:

1 1
Iyr= | dVAu()* = =77 2———
MF / cyu(r) 87T nowglo

(NI

(3.12)

The pulse length of 6 ps and the mode-field radius of 0.9 um of our PCF
gives a value for this constant of Ip;p ~ 9.1 x 10~ 2m 3.
For the pulsed laser the classical electric field strength in a pulse is given by:

2P,
| B, |= \/ (3.13)

TpRRepAeffCEOTLO
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which for our laser with 7, = 6 ps and Rg., = 76 MHz at 1 W average power
equals | E, |= 3.3 x 108L.

For the wavelengths of the modes a, b and ¢ of our four-wave-mixing process
of 710 nm, 504 nm and 766 nm we can also evaluate the term:

hw, [hw, [hw, 19 ,—1 o
~23x107*V 2 3.14
\/ 260 \/ 260 \/ 260 % m ( )

The value of x©® can be calculated from the more commonly used nonlinear
refractive index ny related to it by [4]:

3x®
= 3.15
i 4egen (3.15)
ng is the refractive index and ¢ the vacuum speed of light.
Using the value of ny for silica of 3.2 x 10720 [23] x® has the value:
4
x® = §n260n(2) = 4.78 x 107 3m?2V 2 (3.16)

Note that for other glasses, especially chalcogenide glasses, this value can be
up to 3 orders of magnitude higher that that for silca [23].

We are now able to multiply all terms of equation to arrive at the final
value of I" for the simplified Hamiltonian H = hF(ciacidecT + h.c.) for 1 W of
average pump power:

1 hw, [h hw, _
F:ﬁ€0|Ep|\/w\/wb\/w]MF:27381 (3.17)

260 260 260

This final interaction parameter I't can now be calculated from the interaction
time given by ¢t = £ = 2.5 ns for the fiber length L of 0.5 m:

c_

I't=68x10" (3.18)

At this point we like to stress, that the approximation that allowed the
relatively easy calculation of the interaction strength is strictly only valid,
when the output bandwidth given by the phase-matching is so narrow that
it is effectively monochromatic. However, realistically the phase-matching in
our PCF allows a much broader bandwidth - or in other words a big number
of different monochromatic output modes. This will in practice result in
a significant enhancement of the interaction parameter, because all these
spectral modes contribute to the final interaction strength.
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In order find an approximate estimate of this enhancement factor we first
calculate the bandwidth Ary of one quasi-monochromatic mode given by our
fiber length of L = 0.5 m:

Avy = LL ~ 400M H 2 (3.19)

no

From the phase matching calculation for the fiber we get a bandwidth Av,p,,,0f
around 500 GHz for the used fiber length (0.5 m). The ratio of these two
bandwidths should now give us an effective number of spectral output modes
Ngyp:

Av h
Ny = —2" =12 x 10° 3.20

P AI/O ( )
Note that this number does not depend on the fiber length L. This is because
both Avpp,, and Ay, depend inversely linear on L, so that it cancels out.
Therefore N, is given solely by the dispersion properties of the fiber and
the resulting phase matching conditions that determine the output mode’s

bandwidths.

Taking this enhancement factor now into account we arrive at our final the-
oretical estimate of the interaction parameter in our PCF for 1 W of average
pump power:

(Tt) enhanced = 8.2 x 107* (3.21)

This estimate does not consider any effects stemming from the finite band-
width of the pump laser. Also other effects like temporal walk-off due to
different group velocities of the involved modes are not included. However,
because we use a cw laser as the second input and in the regime of low in-
teraction strength the resulting corrections — at least for the letter effect —
should be small. In general, in future more detailed theoretical calculations
one could fully decompose all modes into their monochromatic spectral com-
ponents — similar to the calculation in [4] — including taking into account the
specific phase-matching conditions, walk-off effects and pump pulse shape.
However, such a calculation is beyond the scope of this current analysis for
the first proof-of-principle experiment demonstrating the feasibility of our
specific four-wave-mixing process.
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3.2.4 Pair creation from four-wave mixing

The generation of photon pairs, that is typically achieved by spontaneous
parametric down-conversion, is also possible in materials with third order
non-linearities. Using such spontaneous four-wave-mixing (SFWM) processes
for pair-creation — for example in silica glass fibers — has gained recent atten-
tion, due to its potentially high brightness and flexibility in addition to the
advantage of the possibility for using standard optical fibers as the non-linear
medium [4], 67].

The SFWM process can be described (in a full quantum treatment) by the
following interaction Hamiltonian for the degenerate pump mode p and the
two modes 1 and 2 that obey energy conservation (2w, = w; + ws) and are
phase-matched for this interaction:

~

H; = ’V(‘Alpdpd];d; + a,ay,G1Gz) (3.22)

Tal
p-p
The strength of the interaction « is proportional to the x® nonlinearity as
well as dependent on other constants and conditions (see section on coherent
photon conversion efficiency [3.2.3)).

Assuming a bright classical and non-depleted pump field the effective Hamil-
tonian can be written as:

H, = YE*(alal + aya) (3.23)

Note that the only difference to the effective Hamiltonian for x®-based
SPDC is that the interaction strength does not any more scale linear with
the pump electric field strength but quadratically.

The output of this interaction acting on the vacuum is the well-known two
mode squeezed vacuum. It can be derived in the photon number basis ex-
plicitly [29]:

Z )"e™ (tanh(r))"|n, n) (3.24)

cosh
n:O

with r scaling quadratically with the pump electric field (linear for SPDC).
This is an exact solution for an non-depleted classical pump field and is
normalised for all r.

The r-parameter is linear proportional to the pump power Py, (and to the

\/ Ppumyp for SPDC) and given by:

r= %Eg = KPyump (3.25)
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with x being the product of all constants and parameters including 4 — but
also for example the pulse length and repetition rate of the pump laser which
are parameter that relate E, to the pump power.

There are some interesting features of the two mode squeezed vacuum state,
that rarely mentioned in text books or publications, which is why they are
pointed out here:

Firstly, the probability for creating a single photon pair |1,1) is straight-
forwardly given from equ. by: Py = (tanh(r)/cosh(r))?. Tt has its
maximum of 0.25 at r=1 decreasing exponentially for large r’s with higher-
order terms dominating. This means the probability the create a single pair
per pump pulse can in general not be bigger that 25% for either SFWM and
SPDC.

Secondly, using equ. the overall mean photon number (including all
higher order contributions) in one mode can be calculated to be: (n); =
(Ng) = sinh?(r)[29]. This has two interesting limits: for r < 1 — where the
dominating contribution are single pairs of photons — the number of these
pairs scales quadratically with r (and linear for SPDC). That means for the
SFWM process scales quadratically with the pump power (compared to linear
in the case of SPDC). However, for 7 > 1 the sinh?(r) is asymptotically equal
to l e?". This means an exponential increase of the intensity in the modes
Wlth the pump power. Correspondingly for SPDC there is an increase with
the exponential of the square root of the pump power. Summing up all these
cases gives the following relations:

SPDC(r < 1) (n;) o P, pump (3.26)
SFWM(r<1) (fii) < Py (3.27)
SPDC(r>>1) : (i) oc 2V rlrumr (3.28)
SFWM(r>>1) : (f) o e frume (3.29)
(3.30)

We could not find any reference where this exponential regime has been
directly observed and analysed for neither SPDC nor SFWM experiments.
However, it is the working principle for a so called optical parametric gen-
erator (which is an optical parametric oscillator without any enhancement
cavity). There, by using very high peak pump powers even a regime is
reached, where the pump field starts to be depleted and also loss effects start
to influence the dynamics of the interaction.

Yet another interesting feature of the two-mode squeezed vacuum state is
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the photon statistics of its modes. When only one of the modes is considered
(with the other mode traced out) on can show, that it will always have a
thermal distribution. To illustrate this one can for example calculate the
second order correlation function (¢ (0)) which is given by:

(3.31)

Applied to equ. [3.24] with the creation and annihilation operators yielding
the corresponding factors gives:

g?(0) =

— 1)(tanh(r))®" = 2 3.32
cosh2 smh4 ;n " a (T)) ( )

This means that irrespective of r — even for r > 1 — the photon statistics
will show photon bunching with the thermal value for ¢(®(0) of 2.
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3.3 Experimental Setup

In this section the experimental setup and experimental tools are described
that are used for a proof-of-principle experiment for CPC. Starting from an
overview of the setup with the different building blocks (lasers, input beam
combining, nonlinear fiber, output analysis stage) the following subsection is
then dedicated to details about the nonlinear fiber and its phase-matching
properties.

3.3.1 Coherent photon conversion setup

The objective of our experiment is to demonstrate the four-mode interaction
that underlies the CPC process using a silica photonic crystal fiber (PCF) as
the ¥ nonlinear medium. This includes verifying the spectral and polar-
ization properties that are expected theoretically for the process. It further
aims at quantitatively characterising the interaction strength that is experi-
mentally reached and show its linear scaling with the pump power.

The experimental setup consists of different building blocks. An overview of
the setup can be seen in figure Our pump wavelength is 532 nm which
is provided by a frequency-doubled pulsed neodymium vanadate laser with
a pulse length of 7.5 ps and a repetition rate of 76 MHz. The second input
for the CPC process — the probe laser whose photons are doubled into one
photon in each of the output modes — has a wavelength of 710 nm. We used
a self-build fiber-coupled external cavity diode laser with a cw average power
of up to around 10 mW.

The choice of these wavelengths was partly due to the availability of a strong
pump laser at 532 nm. But more importantly, by in detail studying the
phasematching solutions that are possible for our specific PCF (see [3.3.2)
and choosing 710 nm as the probe wavelength, we could achieve wavelengths
for the output modes that as far as possible away from the strong pump
laser at 532 nm. This is essential to reduce Raman scattering induced by the
strong pump field that would otherwise inevitably swamp any signal from
the actual CPC process.

After the input lasers, the next stage of the experimental setup is combining
and coupling them into the PFC and also controlling their polarization state
(see beam prep. in figure . One challenge to couple high optical power
into a PCF is to avoid burning the facets of the fiber. Because the mode
coming directly form the 532 nm is not optimal we spatially filtered it by
coupling it through a SM fiber, which acts as a good Gaussian mode filter.
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Figure 3.8:

Schematic of the experiment. The nonlinear medium is
a commercial polarisation-maintaining photonic crystal fi-
bre (PCF) (1.8 um core, nonlinearity ~95 (W km)~!). The
x®) nonlinearity is pumped by a frequency-doubled pulsed
neodymium vanadate laser (Nd:YVOy: 532 nm, 7.5 ps, 76
MHz) to create the desired tunable effective x(2) nonlinear-
ity. A continuous-wave (cw), external-cavity diode laser (710
nm, ~2x10° photons per pulse) provides the input state in
mode a which we use to characterise the strength of the
4-CPC interaction. From the estimated dispersion for the
PCF, birefringent phase matching is satisfied for the follow-
ing four-mode interaction: 532 nm (H) 4+ 710 nm (H) — 504
nm (V) + 766 nm (V), where H denotes horizontal and V
vertical polarization. The 532 nm and 710 nm input beams
are spatially filtered with single-mode fibres (SMF) before
being combined on a notch filter (NF) and coupled into the
PCF. The beams emerging from the output are then spec-
trally separated using a range of filters (NF, LP: long-pass,
BP: band-pass) and a tunable spectral filter (a rotating in-
terference filter, IF), passed through polarisation analysers,
and finally analysed in coincidence using time-to-amplitude
conversion and a multichannel analyser (MCA).

83

With this we achieved high coupling efficiencies into the PFC exceeding 80%
for the strong pump beam. Nevertheless, over time we did observe degra-
dation of the fiber facets — especially for the mode filtering SM fiber, which
burned so much that we had to replace this fiber after an effective running
time for the experiment of couple of days. Combining the input lasers was
achieved with a notch filter (NF), that reflects (a narrow band around) 532
nm and transmits the 710 nm beam. Polarization control was achieved with
fiber polarization controllers for the SM fibers that connect the lasers with
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the setup as well as with polarizers and wave-plates directly before the NF.

The nonlinear medium in which the interaction takes place was a glass (silica)
photonic crystal fiber. It is the central element of our experiment and is
therefore separately described in more detail (including phasematching) in
the next subsection.

The final building block of our experiment is the beam analysis stage (see
figure [3.8). Its purpose is to separate and filter the two output modes at
504 nm and 766 nm and suppress any noise photons coming either from the
input lasers themselves or from induced broad-band Raman scattering inside
the PCF. The filtering and separation of the modes was accomplished with
various spectral filters — notch filters, long-pass and short-pass filters as well
as bandpass filters. Importantly we employed as the last step of filtering two
tunable, relatively narrow band (around 3 nm FWHM) interference filters.
The tunabilty was achieved by mounting those on tilting mirror mounts with
micro-meter actuators. Once calibrated with a white light source and a
spectrometer the central wavelengths of the filters could then be precisely
set (with an accuracy of around 0.2 nm) to the desired value or controllably
tuned for spectral measurements. The polarization of the output modes was
analyzed with combinations of polarizers and waveplates. This is crucial,
because due to the birefringent phasematching pairs are generated only for
the right output polarizations (vertical for both output modes) which we
confirmed in the experiment.

Finally, the two output modes are coupled into multimode fibers and de-
tected with single photon detectors based on silicon avalanche photon diodes
(Si-APDs, PerkinElmer). We aim at demonstrating the generation of photon
pairs by the 4 mode interaction of our process — doubling of 710 nm pho-
tons into two photons with one in each of the output modes. Therefore, we
need to analyze the (relative) timing of the photon detections for both output
modes. For this purpose we used a high timing resolution time-to-amplitude-
converter (TAC, Canberra) that generates voltage pulses proportional to the
time-differences of two detection events for both modes. The distribution of
the heights of these pulses (and therefore time-differences) was then recorded
with a digital multi-channel analyzer (Toivel) that was connected to a com-
puter via USB. We then identified the coincidences arising from the generated
pairs as a sharp peak in the resulting histograms which allowed us to also
quantify the number (rate) of coincidences by further analysing these his-
tograms (see section on experimental results (3.4)
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3.3.2 Photonic crystal fibers and phase-matching

The nonlinear medium used in our experiments is a glass (silica) photonic
crystal fiber. Normally glass does not have a particularly high intrinsic third
order nonlinearity. However, by using an optical fiber and making its mode-
field area very small high effective nonlinearities can be achieved. A way
to manufacture such fibers with very small mode field area is by making
the lower refractive index cladding around the core out of tiny holes with
air. This type of fiber is called photonic crystal fiber (sometimes also ”holey
fibers”) and their manufacturing has been optimised and made commercially
available in the last decade.

The specific photonic crystal fiber used in our experiments is a polarization
maintaining, highly nonlinear PCF with a zero dispersion wave length at
750 nm and a very small mode field diameter of around 1.8 pum. The fiber
is commercially available from NKT Photonics (NL-PM-750). The use of
a polarization maintaining fiber has the big advantage that there are phase
matching solutions (birefringent phasematching) with a big separation for
all the interacting wavelength, which can in this form not be achieved with
normal, non-polarization maintaining fibers. A wide separation of the in-
teracting wavelengths in general makes it easier to combine and separate
the different modes. More importantly, Raman scattering in silicon induced
by the strong pump laser has its maximum around 12 THz away from the
pump and extends up to approximately 40 THz frequency separation. This
means, that for the phase-matched output wavelengths being more than 40
THz away from the pump has significant advantages regarding unwanted
background noise.

For the process where the one input mode k; is converted into two modes k;
and ko (photon-doubled) induced and amplified by a strong pump laser k,
the phase-matching condition is given by:

The last term of the left hand side describes the cross-phase modulation
induced by the strong pump field with optical power P, and depends on
the non-linear coefficient in the fiber v = /\i’Xij. Aeys denotes the effective
mode field area of the fiber, A, the pump wavelength and n, is the non-
linear refractive index of the material used — in our case silica with ns =
2 x 1072m?2 /W. However, at the moderate pump powers below 200 W peak

power, the correction this gives for the phase-matching condition is rather
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small.

Of course also energy conservation of the interacting modes needs to be
preserved as well:

Wy + Wy — Wip, —wp =0 (3.34)

The last missing ingredient to calculate at which wavelengths at which the
process is phase-matched is the dispersion in the fiber for the different polar-
ization modes. Fortunately, the company our PCF was bought from could
provide us with dispersion data of the fiber which is plotted in figure [77]
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Figure 3.9: Dispersion data of the PCF (NL-PM-750) provided by the
manufacturer. The left plot shows the index of refraction n,
and n, for the two different polarization modes (green and
blue). The right plot shows the difference of the two with a
polynomial fit (red solid line)

For a convenient incorporation of the dispersion data into the phase-matching
calculations polynomial fits (4th order) to the data for n, and An were made
giving in total 10 parameters that describe the dispersion of our fiber for
both polarization modes.

The main aim of the phase-matching calculation was then to correctly predict
the wavelength of the photon pairs produced with our pump wavelength of
532 nm and input wavelength of 710 nm. This can be achieved by numerically
determine the wavelength pair \; and A, that fulfils both energy conservation
(equ. and phasematching (equ. 3.3.2). The resulting predicted the
wavelengths are: A\; = 507.9 and Ay = 757.5. However, these predictions are
highly sensitive on the precision of the dispersion data — a couple of percent
difference in An would lead to a shift of several nanometers.
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Fortunately, we were able to observe another phase-matched process in our
PCF — namely pair creation from spontaneous four-wave-mixing (see princi-
ples and results section). The process was very bright — even entering the
exponential gain regime — so that we could precisely measure (with a sensi-
tive spectrometer) the wavelength of one of the created modes to be 490.5
nm. The theoretically expected wavelengths from the phasematching calcu-
lation would have been 495 nm. By comparing the predicted wavelength to
the observed we were able to ”"calibrate” our calculation by slightly mod-
ifying the dispersion data by adding a constant of 4.1 x 107° to An. We
estimate that such a small error in the dispersion data — that was given to
us by the company — is not unlikely. Using this procedure we were able to
predict the wavelengths of the four-wave-mixing process to be: A; = 504.8
and A\ = 764.6. This is quite close to the actually observed wavelengths at
A1 = 503.7 and Ay = 765.7 (see results) in contrast to the values from the
uncorrected dispersion data above.

In conclusion, we were able to accurately predict the central wavelengths of
the desired process with the phase-matching calculation based on adapted
dispersion data for the used fiber. In general, this calculations appears to be
crucially sensitive on the precision of the input data for the dispersion, which
highlights the high requirements, when trying to actively design dispersion
properties of PCFs.
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3.4 Results

3.4.1 Pair creation in the PFC
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Figure 3.10: Spectrum of the output of the PCF when pumped with 532
nm pulses with vertical polarisation with an average pump
power of around 10 mW. A clear peak at 491.0 nm is visible
- a recalibration of the spectrometer yields 490.5 nm for the
central wavelength of this peak. It stems from one of the
output modes of a spontaneous four-wave-mixing process
(SFWM, 2x 532 nm -; 490.5 nm + 581.5 nm). The spike
at 540 is a left over from Raman scattering by the pump
not fully blocked by an edge filter. One can also see light
from (higher order) Raman scattering, both on the Stokes
and anti-Stokes side of the pump. A peak from the partner
photon at around 579 nm (581.5 nm after recalibration)
can also be identified - but sits on top of a broader higher
order Raman peak.

Apart from the aimed for process, there are also phase-matched solutions
for the creation of photon pairs by spontaneous four wave mixing (SEFWM),
when the fiber is only pumped with 532 nm pump pulses (see [3.2.4). In this
parametric process the anhilation of two pump photons creates a pair of pho-
tons - similar to spontaneous parametric down-conversion. Experimentally,
such a process has been employed for very efficient pair sources using silica
fibers - e.g. [67 [].
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The phase-matching calculations for our PCF predict for a pump wave-
length of 532 nm (with horizontal polarization) the generation of photon
pairs around 490 nm and 580 nm (see [3.3.2). When only the 532 nm laser
was launched into the PCF and we were able to observe this process: figure[?7?]
shows a measurement with a standard spectrometer when approximately 10
mW of 532 nm pump light was launched into the fiber. The pump laser
produced 6 ps pulses at a rate of 76 MHz and therefore had a peak power of
about 20 W. This high peak power and the fact that the SFWM pair-creation
process increases non-linear with the pump-power (see explain why it
is so bright that it can be observed with a standard spectrometer. In the
spectrum one can clearly observe a peak with a central wavelength (after
recalibration) of 490.5 nm. We successfully used this value to correct our
dispersion data for the fiber that originally predicted a value of 495 nm, to
get more reliable predictions for the wavelengths produced by the photon
doubling.
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Figure 3.11: Plot of the maximum counts of the 490.5 nm signal from
different spectrometer measurements for various average
pump power. The dependence that is close to an exponen-
tial relation. The red solid line is an exponential fit to the
data.

We also took spectra at different pump power levels ranging from 2.5 to 15
mW. For each of these spectra we then determined the heights of the peak
at 490.5 nm and plotted them as a function of the average pump power.
Figure [77] shows the resulting graph. The dependence of the intensity on
the pump power follows closely an exponential increase. At first sight this
seems surprising, as the pair production rate should theoretically follow a
quadratic behaviour in the weak limit » < 1( see [3.2.4). However, in the
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strong interaction regime (r > 1) when higher-order terms dominate, an
exponential increase of the average photon number is theoretically predicted.
This exponential behaviour can here be clearly seen in our data and shows
that for our high power levels, the parametric interaction is already very
strong entering the exponential regime.

To sum up, we were able to observe SEWM pair-creation in our PCF pumped
with 532 nm ps-pulsed light. The high brightness of this process — entering
the strong interaction regime with an exponential increase with pump power
— enabled us to determine the exact central wavelengths of the created pairs
with a normal spectrometer. We then successfully used these wavelengths to
correct the dispersion data for our fiber. This allowed more reliable predic-
tions from the phase matching calculation for our actual target process as
will be described in the next section.

3.4.2 Coherent photon conversion in PCF
Coincidences and background

In our target four-wave-mixing process input photons at 710 nm and the
strong pulsed pump laser at 532 nm generate photon pairs at 504 nm (’green’
arm) and 766 nm ('red’ arm) realising photon-doubling of the 710 nm mode
enhanced by the pump. The separation and filtering of the two modes and
their detection and analysis is in detailed explained in the section about the
experimental setup. In the following the results for identifying and char-
acterising the rates of the photon pairs created by our target process are
described. The analysis of the results is aimed at the stringent verification
of the process as well as the quantitative characterisation of the interaction
strength and how it depends on the pump power.

The main experimental data results from the start-stop histograms taken by
our timing electronics that correlates the detection events in the two output
modes in time. Figure [77] shows such a histogram for our first measurement
in which we observed a coincidence signal from our process. The 532 nm
pulsed pump with an average power of ~100 mW and the weak input at
710 nm with ~8.5 mW were launched into our PFC both with horizontal
polarization. The two output modes are analysed in vertical polarization,
as predicted by the phase-matching. Because the created photon pairs are
strongly correlated in their creation — and therefore detection times — they
can by identified as a sharp peak in the histogram. Such a peak can be
clearly seen in figure [77] Its width is mainly determined by the combined
timing jitter of the two detectors which is around 1 ns. The observation of
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this coincidence peak shows the presence of photon pairs tightly correlated in
time. The right polarization combinations and moreover the filters in the two
output modes at the wavelengths expected from the phase-matching indicate
very strongly, that the observed pairs indeed stem from the target process.
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Figure 3.12: Plot of the raw data (blue dots) for the start-stop measure-
ment integrated for 200 s of the two output modes at 504
nm and 766 nm. The Polarizations of the pump (532 nm)
and input (710 nm) were both H and had average powers
of 2100 mW and ~8.5 mW and and that of the outputs
V. The sharp coincidence peak at the offset of around 42
ns shows the creation of strongly time-correlated photon
pairs. The red line represents a fit of the background with
harmonics of the pulsed pump laser repetition rate of 76
MHz. It was derived from the data excluding a region
around the coincidence peak.

One can also identify a relatively large background for this measurements.
This background mainly stems form Raman scattering from the strong pump
laser at 532 nm crating noise photons in both arms, but also from light caused
by the 710 nm laser — only the 'red’” output arm — also via Raman scattering.
The first creates a periodic background pattern with the repetition rate of
the pulses. In addition, the noise counts from the 710 nm laser in the 'red’
arm together with the Raman noise in the ’green’ arm from the 532 nm
pulses will create a constant background. Nevertheless, we can precisely
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measure and correct for this to accurately quantify number of pairs that are
detected from the target process. For this the background in the histogram
has been fitted for the region of the histogram excluding the part around
sharp coincidence peak. To account for the periodic structure this fit uses
a linear combination of a constant and a set of sinusoidal functions with a
frequency equal to the pulse repetition rate and higher harmonics of it. When
subtracted from the raw data the resulting histogram — shown in figure [77]
— shows now only the signal from the target interaction. Adding up the
counts in the bin belonging to the peak gives the total number of detected
coincidences. For the data shown in figure [77] this procedure yields a rate
of detected pairs of around 1.5 x 10? counts per 200 second (or 75 cps).
As shown later, this number is already affected by saturation effects of the
detector and timing electronics and therefore not ideally suited for estimating
the number of actually created pairs in the fiber. However, we can use this
relatively strong signal to conclusively verify, that the detected coincidences
indeed stem from the target interaction as explained in the following.
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Figure 3.13: Result of the corrected raw data after subtraction of the
background. The high scatter is a result of the big number
of bins the whole interval was divided into with relative
high Poissonian counting noise for each bin. Summing up

over the coincidence peak yields 143004300 counts per 200
S

A straightforward way to show, that the observed coincidences are genuinely
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Figure 3.14: Plots of the raw data for the start-stop measurement for the
cases with only the 710 nm light in the fiber — on the left —
and when only the 532 nm pump was present — on the right.
The power levels were same as for figure[?7?} For the 710 nm
input only, there is a very low level. The pulsed structure
on the right is a result of the background created from the
532 nm strong pump pulsed pump. No coincidence peak
is present in either of the data sets which shows the the
signal observed with both inputs is a genuinely combined
effect.

a combined effect of the two different input, is presented in figure[?7] Here, we
measured the histograms for the two configurations where the 710 nm and
532 nm pump are launched separately into the PCF. One can clearly see,
that no coincidence peak is present in either of the data sets. Interestingly,
adding up the two histograms gives a smaller periodic background, than
actually observed in the above measurement. The reason for this is that — as
explained above — an additional constant background level is generated by
the combination of noise counts from the 710 nm input and the 532 nm pump
laser, which consequently cannot be present when both inputs are separately
launched into the fiber.

Polarization dependence

Another feature of our target interaction is its polarisation dependence. The
phase-matching in the PCF is such that ideally only for the right polar-
ization combination the process can take place. We therefore recorded the
histograms for several different polarization combinations for the input and
output modes. For each we applied the same procedure as before of pre-
cisely subtracting the background and evaluating the coincidence rate of the
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Figure 3.15: Number of measured coincidences for different combina-
tions of input and output combinations. For the correct
polarization combination (HHVV) the highest coincidence
signal is observed. For combinations with an odd number
of modes having horizontal (H) and vertical (V) polariza-
tion the corresponding element of the y®) tensor should
be strictly zero because of the full rotational the symmetry
of glass. We believe that those coincidences are are actu-
ally created by the target process with the polarizations of
the modes slightly changed before or after the interaction
because of non-ideal fiber properties.

target process. The results are shown in figure [77] In the correct polarisa-
tion combination HHVV (inputs both H polarized, outputs both analysed in
V) by far the most coincidences are detected. For combinations with equal
polarizations (HHHH and VVVV) for all modes within statistical error no
coincidences are detected. As an example, in figure [77] the resulting raw and
corrected data is shown. There is no indication of any coincidence signal
being present. This also further corroborates that the observed features in
the main measurement genuinely result from our target interaction.

Theoretically all other combinations of polarizations beside the correct one
should also yield no coincidences. This is because for all combinations with
an odd number of modes being H and V polarized the corresponding element
of the x®)-tensor for the four-wave-mixing interaction should be zero because
of symmetry reasons [11]. Although, these symmetries of the material might
be broken when in the form of a polarization maintaining photonic crystal
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Figure 3.16: Results for the start stop measurement all modes being
vertically polarised. Left the raw histogram and left the
corresponding background corrected data. For this polar-
ization combination, there is no phase matching for the
target process, and as expected, no coincidence peak can
be seen.

fiber by induced stress also the phase-matching would strongly suppress the
interaction for these polarization combination. Nevertheless, experimentally
for combinations with one polarization different than in the target process
lower but not vanishing rates of coincidences where detected. We believe
several different reason — or combinations of them — are responsible, for this
deviation from the ideal: First, the orientation of the connectors for the
polarisation maintaining fiber relative to the optical axis of have an accuracy
of only a couple of degrees. This changes the input and output polarizations
to a certain small degree. Second, the cut-off wavelength of our PCF is
around 690 nm according to the manufactures specification. This means that
at the pump wavelength (532 nm) as well as at the output wavelength of the
‘green’ arm (504 nm) the fiber is already bi-modal. If these higher modes were
excited and mode coupling occurred, this could lead to a significant decrease
in the polarization maintaining properties of the fiber. We therefore believe,
that the observed coincidences, are most likely from the actual target process
but with the input and output polarization altered inside the fiber before or
after the interaction. This would explain the observed result qualitatively.

Spectral dependence

We also spectrally characterised the two modes modes in which we create the
photon pairs by our pumped four-wave-mixing process. For this we employed
a combination of narrow bandpass filters (2 for each arm) that we angle-
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Figure 3.17: Result for of the spectral properties of photon pairs. Plots
show the coincidence rates for 100 s integration and directly
measured rates (with a single channel analyzer) with no
background correction. In the left plot the bandpass filter
in the "green” arm is set to 504 nm central wavelength and
the "red” arm is scanned and the coincidences are recorded.
In the plot on the right side the "red” arm is fixed at 766
nm and the "green” arm is scanned. The combination of
two band-pass filters for each arm had a spectral width of
around 2 and 3 nm FWHM for the ”green” arm and ”red”
arm, respectively. For both spectra, the observed peaks
appear to be broader than this.

tuned in a controlled and calibrated way (see section about the experimental
setup). We also — instead of the timing histograms - we we used a single
channel analyser to analyse the photon pairs. This allowed us to directly
count the coincidences by correctly setting the delay and choosing a narrow
coincidence window on the order of the coincidence peak that we saw in the
histograms. Figure[??]shows the correspondingly measured spectra where we
integrated for 100 s for each point. Note, however, that the such measured
pair rates contain the previously observed background, which we could now
not precisely correct for.

We first used this data the determine the central wavelengths for the peaks
in both spectra by fitting to a polynomial and determining the maximum.
The resulting central wavelengths of 504.1 nm and 765.7 nm closely agree
with our phase-matching calculation. After correcting the slight error in the
spectrometer calibration they also obey energy conservation, in the sense
that the sum of their energies per photon matches that of the sum of the
photon energies of the input photons at 532 nm and 710 nm. This fact adds
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a final piece of evidence that the observed pairs are created by our target
four-wave-mixing process.

Because of the limited tuning range for which we measured the spectra and
also the high uncertainty about the level of background coincidences, that
therefore could not be subtracted reliably, it is very hard to make precise
statements about the width of the observed peaks in the spectra. In future
experiments, higher resolution correlated single photon spectroscopy would
be surely a valuable extended characterisation method. Nevertheless, the
spectra indicated that the bandwidth of both of the created mode seems to
be significantly broader than the combined bandwidth of the two filters in
each arm (around 2-3 nm FWHM). Theoretically we would expect intrinsic
bandwidths much smaller than that of 0.4 nm and 0.9 nm for the 'green’ and
'red’” arm, respectively. We believe, that inhomogeneities in the PFC leading
to varying dispersion along the fiber could be responsible for the qualitatively
observed broadening. In future experiments it will be interesting to analyse
the broadening effect and how it, for example depends on the fiber length.

Power dependence

An essential feature of our coherent photon conversion process is, that its in-
teraction strength can be tuned and enhanced linearly with the pump power.
The ultimate aim would be enhancing and setting the interaction to a level
where unity conversion efficiencies could be achieved. This regime, charac-
terised by the interaction parameter I't > 1, would enable the full potential of
all the deterministic non-linear photon interactions outlined in the principles
section of this chapter.

Here, we experimentally demonstrate the linear enhancement of the effective
x?- nonlinearity in the low-efficiency regime of our photon doubling process.
For that we recorded the start-stop histograms for different pump powers
with a fixed weak power of the cw 710 nm input light. We then used the
same procedure as before to correct for the background and calculated the
measured pair rates. A plot of these pair rates as a function of pump power
is shown in figure ?7. In the beginning the curve shows an almost perfect
linear increase with the pump power. However, for higher powers (above 20
mW) a significant sub-linear behaviour can be observed. This is an artefact
of the detection setup: for higher pump powers the single photon detectors
as well as the start-stop timing electronics start to saturate. A simple model
for the saturation is in very good quantitative agreement with the observed
strength of the saturation effect. We therefore excluded the points above 20
mW for the fitting of the curve to a linear function, which is shown as the
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Figure 3.18: Dependence of the detected pair rates (corrected for back-
ground) of the target process on the pump power. The
input intensity for the 710 nm mode was 8.5 mW as for
the the previous Plots. The red line is a linear to the first
5 points yielding a rate 1.45+0.02 detected pairs per sec-
ond per mW. At higher pump powers is below the linear
increase, mainly by saturation in the detection system (de-
tectors and logic) as well as reduced coupling efficiency of
the high power 532 nm laser due to beam quality degrada-
tion

red line in the plot. From the fit, we can deduce the detected pair rate to be
1.4540.02 pairs per second per mW and it is indeed linearly dependent on
the 532 nm pump power.

To reliably quantify the nonlinear interaction parameter inside the PCF, we
now need to account for the losses in our setup. These losses come from dif-
ferent contributions: the maximum transmission values for our bandpass fil-
ters and quantum efficiencies of the detectors for the respective wavelengths,
could be taken from the specifications of the manufactures. In addition, we
separately measured the remaining loss contributions. The following table
summarizes these losses separately listed for the two arms:
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Losses Transm. 504 arm | Transm. 760 arm
PCF to SM coupling ~ 10% ~ 40%
with varios filters
SM to MM coupling ~ 90% ~ 90%
in bandpass filter bridge
2x narrow bandpass filter ~ 90% ~ 90%
Fresnel losses at ~ 90% ~ 90%
uncoated fiber tips
detector efficiency ~ 50% ~ 40%
| total \ ~ 3.6% \ ~11.7% |
’ total both arms \ ~ 0.4% \ ‘

Note that the high band-pass filter transmission is a conservative estimate
(too high), because it assumes that the bandwidths of both created modes
are much narrower then the filter bandwidth. The latter seems not to be the
case — nevertheless, because we cannot reliably quantify how big the resulting
additional loss would be, we use this upper bound, to not overestimate the
generated pair rate.

The estimate of final total transmission of the arms adds up to about 0.4%
— or in other words 2—§5 of the created pairs in the PFC are detected in the
end.

The 8.5 mW power of the cw input light at 710 nm corresponds to effectively
3.9 uW or 1.4x 103 photons per second during the 6 ps pump pulse duration
with a repetition rate of 76 MHz. From these numbers with the measured
rate of 1.4540.02 pairs per second per mW we conclude an efficiency 7 of the
photon doubling inside the PCF of ~2.4x107!! per mW. For 20 mW - the
highest pump power that does not lead to saturation effects of our detection
system — we conclude a photon doubling efficiency of ~ 4.8 x 107!°. The
corresponding interaction parameter extrapolated for 1 W of average pump
power is then:

(Tt)w = /mw ~ 1.5 x 107 (3.35)

From our approximate efficiency calculation we would expect an interaction
parameter I't = 8.2 x 107*. This is a bit more than 5 times higher than
what we experimentally observe. Beside the approximations in the efficiency
calculation itself, we believe that several experimental factors may contribute
to the decrease in the experimentally observed value.

On effect is group velocity mismatches between the pump wave length and
the input at 710 and the created wavelengths of 504 nm and 766 nm. For
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pulsed input this would result in a finite interaction length of around 25 cm
after which pulses of 6 ps would have walked off by 6 ps. However, by using
a cw input at 710 this effect would only slightly influence the observed pair
rates.

We also suspect that there are inhomogeneities along the fiber leading to vari-
ations in the dispersion properties. This would lead to a significantly broader
bandwidth then what one would ideally expect. Our spectral measurements
indeed indicate such a broadening. This would result in an additional loss
for both arms and — accounting for that — to a higher interaction param-
eter. However, as explained above, it is difficult to quantify this with the
current measurements. Measuring the spectrum of the output modes with
a better spectral resolution and wider range than with our bandpass-filter
arrangement would be necessary for that. Nevertheless, an effect leading to
a correction of a factor of 5 seems not unlikely.

3.5 Conclusions and Outlook

Coherent photon conversion is a single pumped four-wave mixing process
that provides a versatile array of tools which could have significant impact
as building blocks for many quantum technologies, including quantum com-
puting. In particular, we show that two of these building blocks are already
sufficient to define a new CPC-based approach for photonic quantum com-
puting that fulfils all of the DiVincenzo criteria, including providing heralded
multi-photon sources with almost no higher-order terms, efficient and low-
noise single-photon detection using real-world detectors and deterministic
two-qubit entangling gates.

With our experiments we provide a proof-of-principle demonstration of the
four-mode process underlying CPC, demonstrating that an effective y non-
linearity can be produced and tuned in a material where such a nonlinearity
is otherwise unavailable. We stringently verify that we indeed observed the
target four-mode process by polarization and spectral measurements, and
by further showing the linear dependence of the strength of the interaction
on the pump power. Furthermore, we experimentally determine the effective
interaction strength ((I't);r =~ 1.5x 107*) and find a reasonable agreement
with a simplified theoretical derivation of this parameter. By interpolating
this result for chalcogenide glasses, that possess a 10® times higher third
order nonlinearity we conclude that operation efficiencies near 100% could
be achieved by using current, albeit sophisticated PCF technology, based
on these highly nonlinear glasses. At the same time this represents a road
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for future experiments with the ultimate aim of reaching the deterministic
regime of CPC.

The availability of such nonlinearities in the optical regime would open the
possibility of large-scale QIP with single and entangled photons. Further-
more, since CPC is derived from a x® nonlinear interaction where near-
degenerate operation is possible, this process is therefore compatible with
telecom technology (unlike normal x® processes) because all wavelength —
including the pump wavelength — could be in the telecom band around 1550
nm. Consequently, CPC is furthermore ideally suited to integrated optics
and waveguide applications which would open up a pathway for scaling this
scheme up using standard techniques of integrated photonics. Finally, since
our scheme is based only on interacting bosonic fields, it should also find ap-
plication in optomechanical, electromechanical and superconducting systems
where strong, intrinsic non-linearities are also readily available.

3.6 Publication Nature 478, 360-363 (2011)
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Efficient quantum computing using coherent photon

conversion

N. K. Langford"??, S. Ramelow"?, R. Prevedel"*, W. J. Munro>®, G. I. Milburn”! & A. Zeilinger"?

Single photons are excellent quantum information carriers: they
were used in the earliest demonstrations of entanglement' and in
the production of the highest-quality entanglement reported so
far>®. However, current schemes for preparing, processing and
measuring them are inefficient. For example, down-conversion pro-
vides heralded, but randomly timed, single photons®, and linear
optics gates are inherently probabilistic>. Here we introduce a deter-
ministic process—coherent photon conversion (CPC)—that pro-
vides a new way to generate and process complex, multiquanta
states for photonic quantum information applications. The tech-
nique uses classically pumped nonlinearities to induce coherent
oscillations between orthogonal states of multiple quantum excita-
tions. One example of CPC, based on a pumped four-wave-mixing
interaction, is shown to yield a single, versatile process that provides
a full set of photonic quantum processing tools. This set satisfies the
DiVincenzo criteria for a scalable quantum computing architecture®,
including deterministic multiqubit entanglement gates (based on a
novel form of photon-photon interaction), high-quality heralded
single- and multiphoton states free from higher-order imperfec-
tions, and robust, high-efficiency detection. It can also be used to
produce heralded multiphoton entanglement, create optically
switchable quantum circuits and implement an improved form of
down-conversion with reduced higher-order effects. Such tools are
valuable building blocks for many quantum-enabled technologies.
Finally, using photonic crystal fibres we experimentally demonstrate
quantum correlations arising from a four-colour nonlinear process
suitable for CPC and use these measurements to study the feasibility
of reaching the deterministic regime with current technology*’. Our
scheme, which is based on interacting bosonic fields, is not restricted
to optical systems but could also be implemented in optomechanical,
electromechanical and superconducting systems®'? with extremely
strong intrinsic nonlinearities. Furthermore, exploiting higher-
order nonlinearities with multiple pump fields yields a mechanism
for multiparty mediation of the complex, coherent dynamics.

One of the key challenges for photonic quantum information pro-
cessing is to induce strong, deterministic interactions between indi-
vidual photons, which cannot be done using standard linear optical
components. The scheme proposed for linear optics quantum comput-
ingin refs 5, 13 avoided this problem by using the inherent nonlinearity
of photodetection and non-classical interference to induce effective
nonlinear photon interactions non-deterministically. Alternatively, in
the one-way picture of quantum computing, the required nonlinearities
are replaced by offline probabilistic preparation of special entangled
states followed by detection and feed-forward"*°.

Nonlinear optics quantum computing (NLOQC) takes a different
approach, by directly using intrinsic nonlinearities to implement multi-
photon interactions. NLOQC schemes using different types of optical
nonlinearity, including cross-Kerr coupling'”'® and two-photon
absorption'’, have been put forward. Since those proposals were made,
more-complete multimode analyses of the cross-Kerr NLOQC schemes

have suggested that they cannot in fact produce phase shifts large enough
for NLOQC because of spectral correlations created between the inter-
acting fields*. Other work, however, shows that these difficulties can be
circumvented in the related case of strong, second-order nonlinear ( 1(2))
interactions by carefully engineering the phase-matching conditions™'.

Coherent photon conversion is an alternative nonlinear approach
that uses coherent oscillations between different multi-excitation
states. The underlying process is a nonlinear interaction between m
bosonic modes that coherently converts single excitations in some of
the modes (depending on the precise form of the interaction) into
single excitations in the remaining modes. A key principle of CPC is
that this basic nonlinearity can in turn be generated by pumping some
modes of a higher-order nonlinearity with strong classical fields. This
induces an effective coupling between the quantum modes that can be
tuned and enhanced by the classical pumps, even to the point where
the effective interaction is stronger than naturally occurring couplings
of the same form. A similar effect is achieved in photon-pair sources
based on four-wave mixing in photonic crystal fibres. Such systems
have produced some of the highest-brightness photon-pair sources
with very low pump powers’, and precise dispersion engineering
and fibre-structuring technologies have allowed optimization of these
sources to produce ultrabright, high-purity, heralded single photons*.

To illustrate the potential of CPC, here we focus on a novel case that
has very interesting properties for quantum optics applications and
which is based on the following standard four-wave-mixing inter-
action involving four distinct frequency modes (a, b, ¢ and d):

H=vyab'c¢'d+y*a’bed' (1)

Here the coupling strength, v, arises from the third-order (X(3 )) non-
linearity, an asterisk denotes complex conjugate and a dagger denotes
operator adjoint. Pumping mode d with a bright classical beam with
electric field amplitude E yields the effective second-order interaction

H=%ab'c" +7*a’be (2)

where yocyE. This now resembles a standard three-wave-mixing
Hamiltonian with an enhanced, tunable, nonlinear coupling.

The key to understanding how this CPC process works, and its poten-
tial, is to note that an input Fock state, |1,1,1,), will evolve within a well-
defined, restricted Hilbert space, {I:Ij |nanpnc)| V integers j}, of dimen-
sion n, + min(ny, n.) + 1. Consequently, it will exhibit the collapses and
revivals of individual population elements that are characteristic of
coherent quantum processes. Most importantly for our scheme, for
the two-dimensional subspace {|100), |011)} (H|100)oc|011) and
H?[100) oc |100)), the induced coupling drives Rabi-like oscillations
between the two basis states. Given the input state |100), the output is
[y (t)) = cos(I't)|100) +i|?;‘sin(Ft)|011> (3)

where I"=}| /% (h being PlancK’s constant divided by 2m).
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Notably, standard single-photon up-conversion, a special case of
CPC (indeed the simplest case), is one of the small subset of CPC
processes with purely classical analogues. If a classical input field is
used, then, provided that this ‘pump’ field remains undepleted
throughout, the input field will undergo complete coherent oscillations
between the two frequency modes. By contrast, if a classical input is
used in the above example, then no coherent oscillations will be
observed: the output is the well-known two-mode squeezed state of
a parametric down-conversion source. In other words, in most cases a
key element of CPC operation is the use of quantized inputs.

The basic conditions for a viable implementation of quantum com-
puting are the DiVincenzo criteria®. The major unresolved challenges
for photonic quantum information processing are good multiphoton
sources, reliable multiqubit interactions and robust, high-efficiency
single-photon detection. We show here that CPC provides tools to
solve all three of these issues (Figs 1 and 2), all derived from a single
process just by choosing different interaction strengths.

Figure 1a shows how CPC directly implements a two-qubit con-
trolled-Z gate between the photons in the two modes b and c. The key
insight is that CPC, like any coherent process that cycles between two
orthogonal states, gives rise to geometric (Berry’s) phase effects® .
Therefore, for t = n/I’, an input state |011) will undergo a full oscil-
lation and undergo a phase shift of 7, giving the final state —|011). This
directly implements a maximally entangling, controlled-phase gate
with 100% efficiency. We note that this geometric phase is truly
non-classical and has no equivalent with classical input states. This
controlled-Z gate can also be switched very fast optically (using the
classical pump?), allowing the fast, real-time ‘rewiring’ of optical
quantum circuits. This may have application in various adaptive
quantum algorithms, such as quantum phase estimation, and might
be particularly useful in waveguide and integrated-optics architectures.

If the input state undergoes half an oscillation (t = 1/21), a single
photon can be converted coherently and deterministically (with 100%
efficiency) into two single photons—the process is a deterministic
photon doubler* (or, in reverse, a deterministic two-photon absorber).
Figure 1b illustrates one method for implementing a scalable photon
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Figure 1 | Satisfying the DiVincenzo criteria with CPC. a, Deterministic
controlled-phase gate. A ‘nw’ CPC interaction (t = 1t/I') is an effective photon-
photon interaction that implements an entangling controlled-Z gate between two
logical states (for example polarization or spatial encoding) of photons with
different frequencies. The input state, |/(0)) = Zl_j o|if) = Zij a;5|0if) is
defined according to so-called ‘single-rail’ logic, where |ij) denotes a state with i
photons in mode b and j photons in mode c. E,; denotes a bright classical pump
field in mode d. b, Scalable element for deterministic photon doubling. A ‘r/2’
CPCinteraction (t = 1/21") can be used both to convert any single-photon source
into a good source of multiphoton states and to perform high-efficiency, low-noise
detection at any wavelength. E; again denotes a bright classical pump field in mode
j»and |1); denotes a single-photon Fock state in mode j. ¢, Deterministic photon-
doubling cascade. The scalable photon doubler from b (represented by the symbol
in the dashed box) can be directly chained with others to create a deterministic
cascade for either multiphoton state preparation or detection enhancement.
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Figure 2 | Heralded single-photon source. a, Evolution of |,00) populations
under the CPC interaction for 1, = 1, 2 and 3. This can be used to determine the
optimal interaction length for preparing Fock states of different photon number.
For example, like the controlled-Z gate, the one-photon Fock state preparation
requires an interaction strength (/'t) corresponding to one full cycle of the state
| 100) (compared with one full cycle of |011) in the case of the controlled-Z gate).
b, Number-state populations after each filtering step for t = n/I, giving | 1),.
Combined with a single photon-doubling step and given a weak coherent input
state with || = 1.5, in only five steps this scheme gives heralded single photons
with high efficiency (~56%) and minimal higher-order terms (<0.3%).

doubler, allowing multiple doublers to be chained together to create an
arbitrary number of photons (Supplementary Information). This
efficient photon-doubling cascade (Fig. 1c) can be used to create a
high-quality, scalable source of multiphoton states from any source
of genuine single photons (on-demand or heralded). We note that the
photon doubler can also be used in conjunction with existing methods
to create arbitrary, heralded (also non-locally prepared) Bell-type
two-photon and Greenberger-Horne-Zeilinger-type three-photon
entanglement, and that these tools can directly implement the encod-
ing step for a simple nine-qubit error correction scheme” (Sup-
plementary Information).

The same photon-doubling cascade (Fig. 1b) can also be used to
perform high-efficiency, low-noise detection with real-world noisy,
inefficient detectors by preceding detection with a ‘photon avalanche’
(Supplementary Information). Moreover, this technique can produce
marked improvements in detector characteristics, even when the
photon doubling efficiencies are less than 100%.

Finally, CPC can also be used to create a high-fidelity source of
heralded single photons that could be used to seed the efficient
photon-doubling cascade described above. As noted previously,
higher-order input states, |nu00>, will evolve within a restricted, (1, + 1)-
dimensional Hilbert space. As in the qubit case, this leads to coherent
oscillations of population (see Fig. 2a for n, =1, 2 and 3), but their
complexity increases rapidly as #, increases, because the evolution is
governed by an increasingly complicated distribution of eigenfrequencies
(see, for example, the n, =3 case in Fig. 2a, and see Supplementary
Information for details). As more competing frequencies come into
play, for higher orders these oscillations are characterized by collapses
and revivals in the input state population at often irregular times.
Remarkably, these frequencies are incommensurate with the frequencies
from other orders, so the revivals occur at different times for different
input states (Fig. 2a).

We therefore consider an input state in mode a that is a superposi-
tion (or mixture) of states with different values of #,, for example
[¥(0)),=|o), (the latter a ‘classical’ coherent state). After one com-
plete oscillation of the [100) term (that is, after t = n/I’, as for the
controlled-Z gate), all other terms will, with non-zero probability, have
converted into states with photons in modes b and ¢, which can be
rejected using spectral filtering. Applying this process repeatedly will
suppress all contributions from other orders, leaving only the |1), state
with a finite probability (Fig. 2b). (By detecting the dump port of the
filtering step with high efficiency and rejecting trials that lead to detec-
tion events in these arms, this acts like a pure filter for Fock states®.) By
combining this process with a single coherent photon-doubling step, it
becomes a heralded single-photon source.
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At present, spontaneous parametric down-conversion and spontan-
eous four-wave mixing provide the best available sources of heralded
single photons, but the performance and achievable rates of these
sources are intrinsically limited by the effects of higher-order photon-
number terms®’. By contrast, given a simple, weak coherent input state
with |o|> = 1.5, for example, in only five steps our scheme provides
heralded single photons with production efficiencies of ~56% and
virtually no higher-order photon-number terms (<0.3%) (Fig. 2b).

Using similar principles, CPC can also be used to create probabil-
istically other small Fock states with high fidelity (for example [200))
and to implement an improved form of down-conversion that can
provide substantially higher pair-emission probabilities with much
higher ‘heralded’ state fidelity than a standard down-conversion
source with comparable emission rates (Supplementary Information).

Froma Fractlcal perspective, there are several advantages tousing a
pumped 7'~ interaction to produce an effective y 2 nonlinearity. First,
although the 5 nonhnearlty for a material is normally much weaker
than the correspondmg 7 nonlinearity (often by many orders of
magnitude), the enhancement by the classmal field can, for a suffi-
ciently strong pump, result in an effectlve 7 nonlinear interaction
that is stronger than the available natural 72 interaction. Also, materials
with inversion symmetry have no z® nonlinearity (y® = 0), whereas
all materials possess a 7 nonlinearity. For example, amorphous
glasses, for which there are highly advanced processing technologies,
have a % nonlinearity but no z'* nonlinearity. Using the classical
pump creates a quadratic nonlinearity that is tunable and no longer
constrained by fixed material properties. Finally, and perhaps most
importantly, conservation of energy allows the four-mode interaction
to take place between nearly degenerate frequency modes, which makes
CPC compatible with standard telecommunication-band, fibre-based
implementations, unlike standard 3® interactions, in which the pump
frequency must, by energy conservation, be the sum of the frequencies of
the other two photons.

In our proof-of-principle experiments, we study a four-colour inter-
action in a photonic crystal fibre (PCF) that is a potential candidate for
implementing CPC, and investigate the feasibility of reaching the
deterministic reglme Spec1ﬁcally, we demonstrate the pr1nc1ple of
creating a tunable 7'* nonlinearity from a pumped % interaction,
using a standard commercial, polarization-maintaining PCF, pumped
with a 532-nm pulsed laser (Fig. 3). We then use weak coherent states
from a 710-nm diode laser in mode a and characterize the feasible
interaction strength using the resulting double-pumped correlated-
pair source, with output photons with respective wavelengths of 504
and 766 nm.

Figure 4a shows the signal observed for an average power of
~90 mW in the 532-nm pulses and an average power of ~8.5mW
from the 710-nm diode laser. The diode laser delivers around 10°
photons during each 532-nm pulse (that is, an effective power of
~4.8 UW), more than four orders of magnitude fewer than the pulsed
pump. The background signals measured when only one beam is
present show that the observed peak is a combined effect of both input
beams. The full time trace allows us to correct very precisely for the
periodic background and to isolate the signal that arises from the target
four-colour nonlinear interaction that underlies our four-mode CPC
process (Fig. 4b).

Figure 4c shows the dependence of the pair production rate on the
pump power, which has a linear trend with some saturation at higher
pump powers. The saturation arises predominantly from two technical
effects, detector and counting saturation and reduced performance at
high powers of generic single-mode fibres for spatial filtering, both of
which can be addressed in future experiments. We can now use the
results from Fig. 4c to estimate experimentally the nonlinear inter-
action strength, I't, that appears in equation (3). The linear fit (for the
points up to a pump power of 20 mW) corresponds to a pair detection
rate of 1.45 * 0.02 pairs per second per milliwatt of 532-nm pump
power (error (s.d.) calculated using Monte Carlo simulation).
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Figure 3 | Experimental set-up. There are three main stages: beam
preparation (polarization state and spatial mode of input beams), CPC
nonlinear interaction and beam analysis. The nonlinear medium is a standard
commercial, polarlzatlon malntalnln% PCF (core diameter, 1.8 pum;
nonlinearity, ~95W ™' km™"). The #** nonlinearity is pumped by a
frequency-doubled, pulsed neodymlum vanadate (Nd:YVOy,) laser (532 nm,
7.5 ps, 76 MHz) to create the desired tunable effective 7' nonlinearity. A

continuous-wave (CW), external-cavity diode laser (710 nm, ~2 X 10°
photons per Nd:YVO, pulse) provides the input state in mode a that we use to
characterize the strength of the CPC interaction. From the estimated dispersion
of the PCF, birefringent phase matching is satisfied for the following four-mode
interaction: 532 nm (H) + 710 nm (H) — 504 nm (V) + 766 nm (V), where H
and V denote horizontal and vertical polarizations, respectively. The 532-nm
and 710-nm input beams are spatially filtered with single-mode fibres (SMF)
before being combined on a notch filter (NF) and coupled into the PCF. The
beams emerging from the output are then spectrally separated using a range of
filters (NF; LP, long-pass filter; BP, band-pass filter) and a simple
monochromator (a rotating interference filter (IF)), passed through
polarization analysers and, finally, detected using avalanche photodiodes
(APDs) and analysed in coincidence using time-to-amplitude conversion and a
multichannel analyser (MCA).

Accounting for measured losses due to coupling and optical elements
in the beam analysis circuit (transmissions: ~2.6% in arm 1, ~14.6%
in arm 2), this corresponds to a nonlinear interaction parameter inside
the PCF of I't=5x 10~° per (milliwatt)'? (estimated directly from
equation (3)). For 20 mW of pump power at 532 nm, this gives an
effective brightness of ~10° created pairs per milliwatt of effective
input power at 710 nm (4.8 pW).

We now discuss possible approaches to improving the effective 7
nonlinearity (see Supplementary Information for more detail). For a
reasonable fibre-coupled pump power of 1 W, the measured rates
predict that 7't = 10~ *, which, with a single photon in mode a, would
already give pair probabilities (per photon) comparable to present
state-of-the-art, high-brightness spontaneous pair sources®’. These
interaction strengths could be further improved by using a lower repe-
tition rate, so that the pulse energy can be increased without also
increasing the average pump power; for example, using a system with
a kilohertz repetition rate could perhaps improve /" by another factor
of up to 10%. Nevertheless, although we might reasonably expect future
experiments to bring further technical improvements, for example by
specifically engineering the nonlinear and dispersion properties of
longer PCFs and matching them with the optical wavelengths, these
initial results suggest that reaching the deterministic regime (It = 1/2)
using silica might be challenging Other materials, however, provide
access to far stronger * nonlinearities than does silica. For example,
chalcogenide glasses, with a material z* up to 10° times that of silica,
have been used to make microstructured fibres, waveguides and nano-
wires, which have in turn been used in ultrabroadband telecommuni-
cation devices (see ref. 30 and references therein). Combined with high
refractive indices, which allow for extremely strong mode confinement
in chalcogenide integrated devices, such an increase in nonlinearity
should provide a promising path towards interactions strong enough
to make deterministic CPC possible.

Webelieve that CPC s a useful technique for implementing coherent,
deterministic multiphoton dynamics both for applications in quantum-
enhanced technologies and for fundamental tests involving entangle-
ment and large-scale quantum systems. CPC also provides benefits in

©2011 Macmillan Publishers Limited. All rights reserved
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Figure 4 | Experimental results. a, Photon-doubling signal resulting from the
four-mode nonlinear interaction that underlies our four-mode CPC. The signal
(output polarization analysers both vertical) is only observed when both input
beams are present (and horizontally polarized). The strong periodic
background (fitted background signal shown in red; see Supplementary
Information for more details) is caused by accidental coincidences from single
photons created by Raman scattering from both beams, although very few such
coincidences arise from just the 710-nm input because it creates very few
Raman photons at 504 nm. b, The full MCA trace allows us to correct very
precisely for this periodic background and isolate a background-subtracted
signal that arises from only the CPC interaction. ¢, The pair production rate
depends linearly on the pump power with some saturation at higher pump
powers. The saturation arises predominantly from detector and counting

systems in which interaction strengths are substantially less than those
required for deterministic operation. For example, because the photon
doubler does not introduce any of the higher-order terms that limit the
performance of down-conversion-based photon sources®, even at low
efficiencies, a CPC-based multiphoton source offers the potential for
higher multiphoton rates with much lower noise terms.

Finally, we emphasize that the above four-mode example of the CPC
interaction demonstrates all of the building blocks required for a CPC-
based approach to photonic quantum computing. These include deter-
ministic two-qubit entangling gates based on a novel type of effective
photon-photon interaction induced by Berry’s phase effects, heralded
multiphoton sources (potentially entangled) with almost no higher-order
terms, and efficient, low-noise single-photon detection using real-world
detectors. More specifically, all of these functions can be implemented
using a single, reconfigurable, eight-port device (with an input and output
for each mode) controlled by choosing the appropriate inputs, for
example by tuning the interaction strength with the pump power.
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108 CHAPTER 4. DISCRETE, TUNABLE COLOR-ENTANGLEMENT

4.1 Introduction

In this chapter the background and experimental results for the creation,
tuning and verification of discrete tunable color-entanglement are presented.
Color is one of the most intuitive properties of light and has been studied for
a long time going back even to the beginning of the modern natural sciences.
Nevertheless, in quantum optics experiments with single photons it has not
played a major role, possible because it is arguably harder to manipulate
when used for encoding quantum information in photons.

The idea to this experiment originated in realizing that single photon con-
version in principle gives access to this not much explored degree-of-freedom
(DOF) — the frequency, or color degree-of-freedom. When converted from one
frequency to another but with only 50% efficiency, a photon will be brought
in to a superposition of these two frequencies — perfectly analogue to a m/2-
pulse in atom optics will bring an atom in a superposition of its ground and
excited state. Therefore on can think of these discrete frequencies as the
two eigenstates of a ”color-qubit”. We then thought about going even a step
further by creating a state of two photons in a state of two entangled color
qubits. Such a state had never been created before, although some proposals
have been made. Remarkable, we then conceived a novel method, which does
not involve frequency conversion, but could still generate such states simply
by swapping over polarization entanglement to the color DOF by a ”hybrid
quantum gate” and a suitable input state of two non-degenerate, polarization
entangled photons. A crucial ingredient was also that we could successfully
employ the flexibility of our fiber coupled Sagnac-based entanglement source
which allows for very easy tuning of the wavelength of the created photons
without degrading its high quality polarization entanglement. It is also worth
noting, that this idea of swapping entanglement between different DOFs can
be used more general — for example also to swap entanglement from polariza-
tion the orbital angular momentum of photons, which has indeed stimulated
further experimental efforts in our group.

A major challenge in our experiment was further to find a way to unam-
biguously verify and quantify color entanglement. Standard techniques that
for example are used for polarization are not suitable here, because to mea-
sure directly in the superposition state of two relatively far away frequencies
(with a separation on the order of THz) would have required fs timing res-
olution single photon detection, which is outside the range of current tech-
nology. However, we could use an indirect method that relied on quantum
two-photon-interference in which the occurrence of anti-bunching is a strin-
gent criterion for entanglement between the two interfering photons. By the
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strength of the observed anti-bunching and other features in the measure-
ment results we could even reconstruct a (restricted) density matrix of the
created color entangled states and thereby fully characterize and quantify its
properties. To demonstrate the flexibility of our setup we finally showed that
our approach worked equally well for a full family of polarization entangled
input states and more importantly also for different wavelength separation
up to around 18 nm.

The following pages contain the final publication of these results that was
published in Physical Review Letters. The work was a close cooperation of
all co-authors, especially Lothar Ratschbacher, for whom this was part of his
final graduation project.

4.2 Publication Phys. Rev. Lett. 103, 253601
(2009)
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Although frequency multiplexing of information has revolutionized the field of classical communica-
tions, the color degree of freedom (DOF) has been used relatively little for quantum applications. We
experimentally demonstrate a new hybrid quantum gate that transfers polarization entanglement of
nondegenerate photons onto the color DOF. We create, for the first time, high-quality, discretely color-
entangled states (with energy band gap up to 8.4 THz) without any spectrally selective filtering, and
unambiguously verify and quantify the amount of entanglement (tangle, 0.611 = 0.009) by reconstructing
a restricted density matrix; we generate a range of maximally entangled states, including a set of mutually
unbiased bases for an encoded qubit space. The technique can be generalized to transfer polarization
entanglement onto other photonic DOFs, like orbital angular momentum.

DOI: 10.1103/PhysRevLett.103.253601

Color, or frequency, is one of the most familiar degrees
of freedom (DOFs) of light and has been routinely ana-
lyzed in spectroscopy for centuries. However, although
frequency multiplexing of information has had a profound
impact on classical telecommunications, little work has
aimed at exploiting the frequency DOF for quantum-based
information technologies. A key ingredient in many such
technologies is discretely encoded entanglement, which
has been extensively investigated for other optical degrees
of freedom (e.g., [1-9]). In contrast, discrete frequency
entanglement has not yet been unambiguously demon-
strated, despite potentially interesting applications such
as enhanced clock synchronization beyond the classical
limit [10,11], improved quantum communication in noisy
channels [12], and novel dispersion cancellation tech-
niques in quantum interferometry [13]. Flying qubits en-
coded in tunable frequency bins would also be an ideal
mediator between stationary qubits with different energy
levels; e.g., very recently the state of two photons emitted
by two separate Yb ions was projected onto a discrete
frequency-entangled state, allowing the creation of entan-
glement and realization of teleportation between the ions
[14]. Finally, the higher-dimensional Hilbert space acces-
sible with the color DOF has known benefits for quantum
communication [15,16] and quantum cryptography [17-
19], and would also allow the exploration of fundamental
questions about quantum mechanics [20].

Continuous frequency entanglement between photon
pairs arises naturally in spontaneous parametric down-
conversion (SPDC) experiments as a consequence of en-
ergy conservation [5,21-23]. It is often, however, much
simpler to control and use entanglement between systems
with discrete, well-separated basis states (cf. time-bin en-
tanglement [6]). A simple discrete-color-entangled state
would be (|@ )| w,) + |@,)|w;))/+/2, where |w;) represent
single-photon states occupying discrete, well-separated

0031-9007/09/103(25)/253601(4)
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frequency bins. Although some behavior of such a state
can be realized in a destructive fashion by using broad-
band, continuous frequency entanglement and projecting
onto separable frequency states during measurement (e.g.,
as in [21,22]), for most quantum applications it is neces-
sary to use explicitly discrete quantum states that are not
components of a broader continuous distribution. There
have been some proposals and attempts to create and
demonstrate discrete-color entanglement in nonlinear
waveguides [24,25] and fiber Sagnac loops [26]. To date,
however, no experiment has been able to conclusively
show the creation or quantitative characterization of dis-
cretely color-entangled photons.

Here we report the first experimental demonstration of
genuine discretely color-entangled states, created without
any spectrally selective filtering. We used a hybrid quan-
tum gate, a gate that acts simultaneously on different
DOFs, that can deterministically transfer polarization
onto color entanglement and unambiguously verified and
quantified this entanglement using nonclassical interfer-
ence. We also demonstrated full control over the frequency
separation and phase of the created states, while maintain-
ing a high fidelity.

In our experiment (Fig. 1), a tunable source of polariza-
tion entanglement based on continuous-wave SPDC [4]
generates fiber-coupled photon pairs close to a pure state:

|0y = (@|H) [H)y + € BIV)V),) ® |w)|wa),, (1)

where @> + B2 = 1, H and V denote vertical and horizon-
tal polarization, and w; is the central frequency of mode ;.
This notation neglects the spectral entanglement within the
single-photon bandwidth, which was much less than the
photons’ frequency separation, 4 = w; — w,. By varying
the temperature of the source’s nonlinear crystal (periodi-
cally poled potassium titanyl phosphate, ppKTP), we con-
tinuously tuned the photon frequencies from degeneracy

© 2009 The American Physical Society



PRL 103, 253601 (2009)

PHYSICAL REVIEW LETTERS

week ending
18 DECEMBER 2009

a) entangled b) hybrid quantum gate ¢) state analysis
photon source
(1 4

(HH)+[VV))
®|0;w,)

(Jooy@o)+mowy))
®DD)

[O)) 3
QOO fiber pol. controller Z PBS } adjustable delay ( Si-APD
< fiber coupler IHWP [lQWP I] Polarizer 45° coincidence logic

FIG. 1 (color online). Schematic of the experimental setup.
(a) Source of polarization-entangled photon pairs with tunable
central frequencies. (b) The hybrid quantum gate’s polarizing
beam splitter (PBS) maps the polarization entanglement onto the
color degree of freedom. Subsequently projecting on diagonal
(D) polarization with polarizers (POL) generates the discretely
color-entangled state. (c) The state is analyzed by two-photon
interference at a fiber beam splitter (FBS); Si-APD single-photon
detectors and coincidence counting (CC) logic measure the
coincidence rate as a function of temporal delay between modes.

(809.6 nm at 25.1 °C) to a maximum separation of 8.4 THz
(18.3 nm) at 68.1 °C while maintaining high-quality polar-
ization entanglement [4]. We controlled the polarization
state with wave plates.

Single mode fibers connect the source to the inputs of
the hybrid gate depicted in Fig. 1(b). The polarizing beam
splitter (PBS) maps the state |w,);, depending on its po-
larization, to |w;); (H) or @), (V), and similarly for the
state |w,),. This transfers the existing polarization entan-
glement onto color with the resulting hypoentangled
[27,28] multi-DOF state:

|¢hypo> = alHw)3|Hw,)y + €i¢,3|Vw2>3|Vﬂ)1>4- (2)

To create the desired state, the frequency entanglement
must then be decoupled from the polarization DOF. This
can be achieved deterministically by selectively rotating
the polarization of one of the two frequencies (e.g., using
dual-wavelength wave plates). For simplicity, we instead
chose to erase the polarization information probabilisti-
cally by projecting both photons onto diagonal polarization
using polarizers at 45°. We erased temporal distinguish-
ability between input photons by translating fiber coupler 2
to maximize the nonclassical interference visibility at the
PBS for degenerate photons. Finally, we compensated for
unwanted birefringent effects of the PBS using wave plates
in one arm. The gate output is then:

[ ou) = alo)slwy)y + e Blwy)slwy )y (3)

The parameters defining this state can be set by preparing
an appropriate polarization input state [Eq. (1)].

To explore the performance of the hybrid gate, we first
injected photon pairs close to the polarization state
(|HY, |H), — |V)]V),)/~/2 with individual wavelengths
811.9 and 807.3 nm. The gate should then ideally produce
the discrete, anticorrelated color-entangled state: |¢) =

(lo)slwr)s = loo)slo1)) /2. Figure 2(a) shows the un-
filtered single-photon spectra of the two output modes,
illustrating that each photon is measured at either w; or
w,. This reflects a curious feature of discretely color-
entangled states, that individual photons have no well-
defined color and no photon is ever observed at the
“mean-value” frequency. This is one of the features that
clearly distinguishes our experiment from the continuous
frequency entanglement studied in Refs. [5,21,22].

Because the detuning, u = 4.6 nm, is much larger than
the FWHM bandwidth of the individual color modes of
0.66 nm (0.30 THz; defined by the 10 mm nonlinear
crystal), the two modes are truly orthogonal, making
them good logical states for a frequency-bin qubit. This
orthogonality also means that color anticorrelations are
strictly enforced by energy conservation, because a single
down-conversion event cannot produce two photons in the
same frequency bin. We confirmed this by directly mea-
suring the gate output in the frequency-bin computational
basis (i.e., with coarse-scale 2 nm-wide filtering in each
arm at either w; or w,). We observed strong, comparable
coincidence rates for the two ‘“‘anticorrelated” basis states
(10882 =+ 104 and 9068 * 95 in 30 s for |w,);|w,)s and
|w,)s3lw, )4, respectively), and no coincidences for the
same-frequency states (lw)slw;)s and |w,)s|lw,)s) to
within error bars determined by the filters’ finite extinction
ratios.

To demonstrate that the color state was not only anti-
correlated but genuinely entangled, we used nonclassical
two-photon interference [29], overlapping the photons at a
50:50 fiber beam splitter (FBS) [Fig. 1(c)] and varying
their relative arrival time by translating fiber coupler 4
while observing the output coincidences. The results in
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FIG. 2 (color online). Analysis of the discretely color-
entangled state. (a) Single-photon spectra for modes 3 and 4;
frequency separation is 2.1 THz (4.6 nm). The observed width of
each bin is limited by the single-photon spectrometer.
(b) Normalized (i) coincidence and (ii) singles count rates as a
function of delay in mode 4. The solid line in (i) is a fit of Eq. (5)
to determine V and the phase ¢. (c) The estimated restricted
density matrix: target-state fidelity, 0.891 * 0.003; tangle,
0.611 = 0.009; and purity, 0.801 = 0.004.
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Fig. 2(b) show high-visibility sinusoidal oscillations (fre-
quency u) within a triangular envelope caused by the
unfiltered *‘sinc-squared” spectral distribution of the
source [4], whereas the single-photon detection rates ex-
hibit negligible interference effects. At the central delay,
the normalised coincidence probability reaches up to
0.881 = 0.007, far above (>500) the baseline level of
0.5. This two-photon antibunching is an unambiguous sig-
nature of antisymmetric entanglement [23,30,31] and, in
conjunction with the measured single-photon spectra, con-
clusively demonstrates that we have created a truly
discrete-color state that is strongly entangled. We empha-
size again that our measurements do not rely on any
spectrally selective filtering, but result from directly gen-
erated discrete color entanglement.

On its own, our measured nonclassical fringes are simi-
lar to those observed in previous work on frequency en-
tanglement. However, as demonstrated by Kaltenbaek
et al. [32], observing such a signal in different contexts
cannot always lead to the same conclusions. In earlier
experiments [21,22], the observed signal resulted from
broadband, continuous frequency entanglement which
was projected onto separable frequency states during mea-
surement. At no point could the quantum state of the
photons be described as both a discrete-color and a color-
entangled state, as well as being uncoupled from other
DOFs. In more recent work [26], Li and co-workers pro-
duced and verified high-quality continuous color entangle-
ment using a Sagnac-based source. In principle, such a
configuration might also produce discrete color entangle-
ment, but their filter-based measurements alone would not
be able to discriminate this from the continuous case.

We now show how we can combine the above measure-
ments to estimate a restricted density matrix in color space.
We first recall that energy conservation in the SPDC pair
source and during photon propagation constrains the state
to the two-dimensional anticorrelated subspace of the two-
qubit color space (before and after the gate). This is a
physical constraint, validated by the measurements in the
computational basis. The complete density matrix within
this subspace can be written (in the computational basis,

{loslo ), lw)slwa)s, [wa)slw)s, lwa)3lwr)a)):

0 0 0 0

10 p Yeid 0
P=lo Y 1-p 0 X

0 0 0 0

with real parameters that obey the physicality constraints:

0=p=1land0=%=./p(l— p). Any detection events
outside this subspace arise from higher-order emissions
and accidental coincidences, and also lie outside the full
two-qubit space. Our computational basis measurements
showed that these vanished to within error bars, and we di-
rectly calculated the balance parameter, p =0.546 = 0.004
(using Poissonian errors). We estimated the remaining
parameters by fitting them to the nonclassical interference

signal. For the above density matrix, given the source’s
spectral properties, we analytically calculated the expected
interference probability, p., to be (following [23])

pe(r) = 3= Feos(ur + )1 — | Z]) for |7] <7F,
)

where the coherence time 7, is the base-to-base envelope
width, related to the single-photon frequency bandwidth
via Afpwpym = 0.885/7, ~ 0.3 THz. The missing ele-
ments V and ¢ can be identified as the visibility and phase
of the oscillating signal and can therefore be estimated
using curve fitting (for this state, V =0.782 = 0.006 and
¢ =179.2£0.4°). The resulting density matrix [Fig. 2(c)]
is strongly entangled, with a target-state fidelity of 0.891 =
0.003, tangle [33] of 0.611 = 0.009, and purity of 0.801 =
0.004 (error bars include Poissonian and fitting errors).
This is the first quantitative measurement of the entangle-
ment of any color-entangled state.

Several error sources in our experiment contributed
cumulatively to unwanted photon distinguishability in the
final color state and reduced the measured entanglement,
including imperfect input polarization states, imperfect
mode matching and residual polarization misalignment at
the PBS, the finite PBS extinction ratio, and a slightly
asymmetric FBS splitting. Accidental coincidence counts
caused by detector dark counts and higher-order SPDC
contributions were negligible.

To illustrate the flexibility of the hybrid gate, we ana-
lyzed a series of output states for different frequency
detunings w and phases ¢. We first tuned u by varying
the crystal temperature in the source, and the results
(Fig. 3) agree well with Eq. (5). The source enabled us to
reach a detuning of 18.3 nm (8.4 THz), about 30 times the
individual color-bin bandwidths. The detunings estimated
from curve fitting matched the single-photon spectra.

Coincidence Probability, pe

-3 -2 -1 0 1 2 3 4
Time Delay [ps]

FIG. 3 (color online). Two-photon interference for color-
entangled states with three different frequency separations (and
corresponding crystal temperatures): (a) 1.7 THz (3.8 nm),
33.7°C; (b) 3.6 THz (7.9 nm), 43.7°C; and (c) 8.4 THz
(18.3 nm), 68.1°C. Solid lines are fits to Eq. (5) with V, wu,
and ¢ as fitting parameters. The insets show the measured
single-photon spectra for both modes of each state.
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FIG. 4 (color online). (a) Coincidence probabilities after the
FBS as a function of the delay for 13 close-to-maximally
entangled discrete color states. The phase of the oscillation
pattern is proportional to the phase of the original
polarization-entangled state. (b) Four close-to-maximally en-
tangled discrete-color states that represent two unbiased bases.

We next prepared discrete-color states of the form
(lw)sl@a)y + e|wa)slw,)s)/v2 with varying phase
(¢ = 0°,30°,...,360°) (Fig. 4). The measured states dis-
play an average target-state fidelity of 0.90 = 0.01, a tangle
of 0.63 = 0.03, and a purity of 0.82 = 0.02, demonstrating
that the hybrid gate accurately preserves quantum infor-
mation stored in the original polarization state. Note that,
together with the product states | )3 @1 )4 and |ws)3| @ )4,
the entangled states with phase 0°, 90°, 180°, and 270°
constitute a full set of qubit mutually unbiased bases. This
illustrates the states’ potential usefulness for quantum
protocols such as quantum cryptography.

In this Letter, we have for the first time conclusively
demonstrated the creation, control, and characterization of
high-quality, discretely color-entangled states, prepared
without any spectrally selective filtering using a hybrid
quantum gate. We performed the first quantitative mea-
surement of color entanglement using a novel technique for
characterizing the two-qubit color state within a restricted,
antisymmetric subspace defined by energy conservation.
Our hybrid gate can in fact be used to transfer polarization
entanglement onto any desired photonic DOF (¢), by pre-
paring the input |¢),, ® |£, &,) and by appropriately
erasing the polarization information after the PBS.
Because the preparation of high-quality polarization states
can be much easier than in other photonic DOFs, this gate
represents a valuable tool for quantum information pro-
cessing tasks in those DOFs. Our work also has important
implications for the development of quantum memories
and repeaters, because color-encoded information could
provide a natural interface between flying and stationary
qubits (such as single ions, atoms, or atom ensembles)
where information is encoded in different energy levels.
Indeed, by inverting the procedure from [14], one could
potentially entangle distant ions directly by letting them
absorb a photon pair with the appropriate discrete-color
entanglement. Finally, we point out that genuine, discretely
color-entangled states could also be extracted nondeter-
ministically from broadband sources of continuous spec-

tral entanglement (such as traditional SPDC) using
custom-designed multiband bandpass filters. This is a fun-
damentally different approach from previous experiments,
where some signatures of discrete-color entanglement
were reproduced by projecting onto discrete, separable
states during measurement using single-band bandpass
filters. Although this novel alternative would not be easily
tunable and efficient, as ours is, it would allow access to
higher-dimensional entangled states in the color DOF.
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Chapter 5

Conclusions and Outlook

The conversion of photonic states opens up intriguing new possibilities for
optical quantum experiments. This is a main overall conclusion that can be
drawn from the three presented experiments in this thesis. The experiments
are dedicated to studying the conversion of photons between different wave-
lengths (SPUC), conversion between different number states (CPC) and con-
version of entanglement between different photonic degrees-of-freedom. Each
of them have their specific motivations and fields of interest and they feature
a wide range of possible application and possible future lines of research.

A specific conclusion of the single-photon upconversion experiment described
in the first part of the thesis is that very high fidelity polarization entangle-
ment preserving conversion can be implemented in a setup that is flexible,
compact and robust. It uses simple bulk nonlinear materials, requires no
complex cryogenic or vacuum apparatus, and is compatible with standard
integrated-fibre and waveguide technologies. Thus, it is well-suited for large-
scale deployment in quantum networks and possibly other future quantum
technologies benefiting from quantum frequency conversion. Using longer
crystals and moving to bi-directionally pumped schemes (e.g. Sagnac-type,
or Michelson-type interferometers), as well as using high peak power pulsed
lasers or nonlinear waveguide can significantly increase the efficiency. This,
however, can be considered more of an engineering task than giving funda-
mentally new insights and was therefore not in the focus of this work.

Worth noting is, that the wavelengths in the presented setup are interchange-
able. Converting 810 nm to 532 nm, as demonstrated here, has its merits —
commercial 532 nm single-photon detectors can have up to 10 times lower
timing jitter than their 810 nm counterparts and superconducting nano-wire
detectors and CCD cameras are more efficient at shorter wavelengths. Up-
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converting 1550 nm photons, however — particularly interesting for accessing
fiber compatible wavelengths — can also be achieved by pumping with 810 nm,
where powerful pulsed lasers are readily available.

As a side remark, it is interesting to realize that any polarization-coherent
frequency conversion device using sum-frequency generation is equivalent to a
polarization-entangled down-conversion pair source run in reverse. Therefore,
most advantages of the designs and technologies for perfecting entanglement
sources can be also used to optimise a quantum frequency-conversion experi-
ment. For example one could think of an polarization coherent upconversion
design, based on a polarization sagnac configuration in perfect analogy the
sagnac-based polarization entanglement source.

As another future challenge, there is the interesting possibility of simultane-
ously changing the photon bandwidth by suitably designed phase-matching at
the same time as converting the wavelength. This could prove extremely use-
ful, especially in the context of interfacing photons with bandwidth-limited
quantum memories.

The concept of coherent photon conversion (CPC) — introduced in the second
part of the thesis — follows from generalizing single-photon upconversion and
considering pumped parametric processes with higher order non-linearities.
A main conclusion is, that an important example of this novel concept of
CPC is a single pumped four-wave mixing process that provides a versatile
array of tools which could have significant impact as building blocks for many
photonic quantum technologies, including quantum computing. In particu-
lar, it is shown that two of these building blocks are already sufficient to
define a new CPC-based approach for photonic quantum computing that
fulfils all of the DiVincenzo criteria. This includes scalable two-qubit entan-
gling gates based on a novel type of deterministic photon-photon-interaction,
heralded multi-photon sources with almost no higher-order terms, and boost-
ing efficiency and noise-resilience for single-photon detection with real-world
detectors.

A main conclusion from the presented experimental results for the proof-of-
principle demonstration of a four-mode process underlying CPC, is that an
effective x( nonlinearity can be produced and tuned in a material where such
a nonlinearity is otherwise unavailable. The experimentally determined effec-
tive interaction strength is ((I't);yr =~ 1.5 x 10™*) in reasonable agreement
with a simplified theoretical derivation of this parameter. Importantly one
can conclude, that by interpolating this result for example for chalcogenide
glasses, that possess a 10% times higher third order nonlinearity, operation
efficiencies near 100% could be achieved using current technology based on
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these highly nonlinear glasses. At the same time this represents a road for fu-
ture experiments with the ultimate aim of reaching the deterministic regime

of CPC.

Technologically, since CPC is derived from a x® nonlinear interaction where
near-degenerate operation is possible, this process is therefore compatible
with telecom technology (unlike normal x(® processes) because all wave-
length — including the pump wavelength — could be in the telecom band
around 1550 nm. Consequently, CPC is ideally suited to integrated optics
and waveguide applications which is a promising future pathway for scaling
this scheme up using standard optical integration techniques. Finally, since
the CPC scheme is conceptually based on interacting bosonic fields (which
are not limited to photons), it is an interesting question for future research if
it can be applied in opto-mechanical, electromechanical and superconducting
systems where strong, intrinsic non-linearities are also readily available.

For the third experiment, the main conclusion is that a good way of preparing
entangled states in other photonic degrees-of-freedom than polarization is to
convert them from polarization entanglement, which can be prepared reliably
and with very high quality. This was shown in the experiment by creating
— for the first time — discretely color-entangled states. Another interesting
conclusion is related to the way entanglement was detected and verified in
this experiment: Because it is technologically outside reach to detect in a
superposition basis of to different color states anti-bunching in two-photon
interference was used to unambiguously verify entanglement. This concep-
tually interesting method can in principle also be used for other degrees of
freedom, where it is equally difficult to measure in different superposition
bases. In future experiments discretely color-entangled states could be use-
ful in dispersion-cancellation high-order interference experiments. Moreover,
one proposal that builds on the main conclusion of this experiment is to con-
vert polarization entanglement also to orbital angular momentum states of
light. It is worth noting, that this was in the meantime already implemented
in our group.
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