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Abstract [En]

The thesis reports on the design of photon-pair sources based on fluid-filled hollow-core
photonic crystal fiber (FF-HCPCF). It combines two important properties: (1) Raman-free gen-
eration thanks to the use of a fluid and to a minute overlap with silica within the hollow-core ;
(2) a high versatility in the phase-matching conditions thanks to the fiber microstructuration
and choice of fluid.

In order to design a versatile Raman-free photon-pair source, we explored two approaches that

entails different waveguiding designs and fluid-filling processes.

On the one hand, we investigate the use of a liquid-filled photonic bandgap HCPCE We
demonstrate that there exists Raman-free spectral range at telecom wavelength compatible
with photon-pair generation. On the other hand, we develop, to our knowledge, the first
photon-pair source in a gas-filled inhibited-coupling HCPCF which goes along with the
first demonstation of Raman-free photon-pair generation in a fiber medium. The source
was designed to operate at convenient wavelengths for heralded single photon source; the
idler wavelength lies in the telecom wavelength range, while the signal wavelength is in the
range of atomic transitions and Silicon single photon detectors. Moreover, we demonstrate
experimentally a passive and active control over the generated photon spectral properties. In
particular, spectral correlations can be tailored, allowing spectrally entangled and factorable
states to be obtained within the same device. More specifically, a gallery of different joint
spectral intensity, including exotic shape, is measured by tuning various parameters: gas
pressure, pump spectral width, spectral chirp and pump spectral envelope. Furthermore, this

photon-pair state is generated over a tunable frequency-range that spans well over tens of THz.

Thus, the present thesis presents both theoretical and experimental results demonstrating
the capability of hollow-core photonic crystal fibers to generate Raman-free photon-pair with

controllable spectral properties.
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Abstract [Fr]

Cette these porte sur la conception de fibres a cristaux photoniques a coeur creux remplies
de fluide (FF-HCPCF) pour la génération de paires de photons. Ces sources combinent deux
propriétés importantes: (1) I'absence de bruit Raman grace a I'utilisation de fluides et d'un
recouvrement optique tres limité avec la silice au sein de la fibre; (2) une grande polyvalence
dans les conditions d’accord de phase grace a la microstructuration de la fibre et au choix du
fluide.

Dans 'objectif de concevoir une source de paires de photons sans bruit Raman, nous avons
exploré deux approches impliquant a la fois des mécanismes de guidages et des types de

fluides de remplissages différents.

D’une part, nous avons étudié I'utilisation de fibres a coeur creux a bande interdite photonique,
remplies de liquide. Nous démontrons qu'’il existe une gamme spectrale aux longueurs d’ondes
télécom sans bruit Raman compatible avec la génération de paires de photons. D’autre part,
nous avons également développé la premiére source de photons dans une fibre HCPCF a
couplage inhibé remplie de gaz qui a permis la premiere démonstration de génération de
paires de photon sans Raman dans un milieu fibré. La conception de la fibre a été choisie
pour fonctionner a des longueurs d’ondes utiles aux sources de photons annoncées ; la
longueur d’onde idler se situe dans le domaine télécom, tandis que la longueur d’onde signal
est dans la gamme visible des détecteurs de photon unique silicium. De plus, nous démon-
trons expérimentalement un contrdle actif et passif des propriétés spectrales des photons
générés. En particulier, les corrélations spectrales peuvent étre modifiées afin d’obtenir un
état spectrallement factorisable ou corrélé au sein du méme dispositif. Plus précisément, une
variété d’intensités spectrales jointes (JSI) de formes différentes, dont certaines exotiques,
ont été mesurées en faisant varier différents parameétres : la pression du gaz, la largeur
spectrale de la pompe, le chirp ainsi que ’enveloppe spectrale de la pompe. Enfin, la paire de

photons est générée sur une plage de fréquence accordable qui s’étend sur des dizaines de THz.

Ainsi, la présente these expose des résultats théoriques et expérimentaux démontrant la
génération de paires de photons sans diffusion Raman et avec des propriétés spectrales con-
trolables.
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INTRODUCTION

Based on the laws of quantum mechanics, quantum information science has the potential for
significantly improving our modern technologies. More specifically, it paves the way to an im-
provement in terms of computational power (quantum computing) and communication secu-
rity (quantum communication). The conjoint ability to encode, manipulate and communicate
quantum mechanical objects are the sine qua non condition on the roadmap toward the devel-
opment of quantum technologies. In this fast-growing field, the capability to distribute quan-
tum bits (qubits) to remote locations is highly desirable and photons provide the ideal flying
qubits - the quantum information carrier for large distance communication [1].

In this context, non-classical states of light, encompassing single photons, entangled photon-
pair states and squeezed states are one of the central element of quantum information. The

development of non-classical light source at telecom wavelength is the focus of this work.

Photon pair sources

One of the most widespread sources of non-classical states of light are photon-pair sources,
also called heralded single photon sources. The photon generation process is based on nonlin-
ear effects allowing to probabilistically annihilate photons from an intense pump and simul-
taneously generate two photons at different frequencies (called signal and idler). In general,
these effects are either spontaneous parametric down conversion (SPDC) or four-wave mixing

(FWM) depending on whether the medium has a x® or x® nonlinearity.

pump

(0] (©)

Non linear medium

»
»

® OO0 @O0
signal

Fig. 1: Schematic describing a photon-pair source. The filled dots corresponds to photons whereas
the empty dots corresponds to a non-generation (probabilistic process).

Among the numerous platforms, ¥ nonlinear media and, in particular, bulk crystals have



been historically the workhorse for photon pair generation due to the relative ease in terms
of experimental setup, their cost and their availability. Today, KDP (potassium dideuterium
phosphate), BBO (beta barium borate), LINbO3 (lithium niobate) and LilO3 (lithium iodate)
are typically chosen for the strength of their x® nonlinearity, which is directly linked to the
photon pair generation efficiency. As far as the use of cristals is concerned, the pioneering
work of Kwiat et al. [2] should be mentioned.

Although generally less nonlinear, x® media, and in particular waveguides and optical
fibers have gained much attention in the recent years, offering new prospects in terms of scal-
ability and integrability. For instance, more than 550 photonic components have been recently
integrated on a single silicon chip, including 16 identical four-wave mixing photon-pair sources
[3]. Alternatively, fiber-based photon-pair sources have many advantages; they are easily man-
ufacturable, cost effective, robust, alignment-free and compatible with fiber optical network

since the photon pairs are directly emitted in the fundamental transverse mode of a fiber.

Fiber architectures

As far as fibers are concerned, photon-pairs have been produced in many different ar-
chitectures encompassing single-mode fiber (SMF) [4, 5], dispersion-shifted fiber (DSF)
[6, 7, 8, 9], birefringent single-mode fiber (BSMF) [10, 11] and photonic crystal fiber (PCF)
(12, 13, 14, 15, 16, 17, 18]. However, the performances of these photon-pair sources are most
often plagued by a concomitant nonlinear effect, Raman-scattering (RS). Indeed, in addition
to the four-wave mixing which leads to photon-pair generation, an interaction between the
pump and phonons in the medium results in the generation of scattered photons. Due to the
amorphous nature of silica (i.e. the fiber core material), the Raman gain is broadband [19],
thus generating a large amount of scattered photons around the pump frequency. In fact,
whatever the photon-pair frequencies, some Raman-scattered photons will also be generated
at the same frequencies, that cannot be filtered. For this reason, Raman-scattering degrades
the achievable signal to noise ratio. Raman-scattering can be reduced by cooling down the
fiber to cryogenic temperature with nitrogen (T = 77 K) [4, 8, 9] or even helium (T = 4 K) [7],
however it cannot be completely suppressed and it adds a layer of experimental difficulty

making it much less practical for applications and limited in terms of integration.

An ideal solution consists in changing the propagation medium (silica) to one without a
broadband Raman gain. Unfortunately, any other glass (chalcogenide, tellurite, fluoride, etc.)
does not solve this issue since all amorphous materials exhibit broad Raman gain spectra [20,
21]. In contrast, there is a particular kind of fiber which allows to guide light with a negligible
overlap with the glass: hollow-core photonic crystal fiber (HCPCEF).



INTRODUCTION

Hollow-core photonic crystal fiber

Since their first developments 20 years ago, hollow-core photonic crystal fibers (also called
hollow-core fiber) have attracted huge interest by virtue of their optical properties that are
non-existent in conventional fibers. The empty core can be filled (with a gas, liquid, cold
atoms, biological compunds, etc.) allowing to microconfine light and matter over lengths up
to kilometers. For these reason, HCPCF have become a remarkably useful tool in many fields
such as: atom optics, nonlinear optics, metrology as well as high optical field physics and
plasma (see [22, 23] for reviews). More specifically, HCPCF can be subdivided into two families
denominated by their guidance mechanisms, namely, photonic bandgap (PBG) and inhibited
coupling (IC) HCPCE As we will detail later on, they exhibit very different optical properties

(e.g. transmission bandwidth, loss, dispersion, etc) and geometrical designs (see Fig. 3).

Our strategy is to fill HCPCFs with a fluid with either discrete Raman lines (liquid) or
non-existent (noble gas) in order to avoid the overlap between Raman-scattered photons and
photon-pairs. By eliminating the Raman-scattering issue, the principal motivation behind this
work is to design photon pair sources with a high signal to noise ratio while keeping a fiber
based architecture and its advantages (room temperature, alignment-free, robustness, etc.). In
the past, HCPCFs have already demonstrated the ability to explore Raman-free nonlinear op-
tics [24] but only few works have investigated quantum information applications. Barbier et al.
[25] use a Liquid-filled PBG-HCPCF to obtain what is to our knowledge the first and, apart from
the work presented in this manuscript, only demonstration of photon pairs in such media. In
[25], the authors have shown that Raman-scattering is reduced by three orders of magnitude
compared to a silica-core fiber. In another regime, Finger et al. [26, 27] report a Raman-free

squeezed-vacuum bright twin-beam source based on IC-HCPCEF filled with a noble gas (argon).

Raman scattering noise in silica core fiber Raman scattering noise in gas-filled hollow-core fiber

p i Silica . Ws w
Y p Noble gas
# ‘)" . ‘F:)% u%% b w p q ° o o w p
n of “it, 5 was o o © o o

Wp Ws Wp wag Wp Wy

Fig. 2: Comparison between Raman scattering in silica core fibers (SME DSE BSME PCF) and in a
hollow-core fiber (HCPCF) filled with a noble gas. In silica, the Raman process generates noise at
lower (Stokes) and higher (Anti-Stokes) frequencies than the pump whereas in a monoatomic noble
gas, no Raman-scattering occur because of the absence of molecules. Relative intensities are arbitrary.



Objectives of the thesis

The main objective of the thesis was to design photon-pair sources based on hollow-core
fibers.

Initially, I have undertaken to extend the work of Barbier et al. in order to have a hollow-core
photon-pair source at telecom wavelengths (rather than in the near infrared). Starting from
scratch, at the beginning of the thesis the first step has been to find a good architecture of fiber
and liquid. In this regard, I have developed simulation tools to infer the optical properties of
these fibers depending on their geometrical design and of the filling medium and I have per-
formed experimental linear and nonlinear characterizations. Once the fiber architecture was

found, I built an experimental setup to characterize its performance in the photon-pair regime.

In parallel to this work, I have also investigated how to adapt hollow-core fiber designs in
order to explore spectral correlation engineering. A control of the photon-pairs spectral prop-
erties is of utmost importance in most quantum information applications. I showed that it
can be realized by tailoring the dispersion properties of the fiber using a control of the fiber mi-
costructure. As aresult from this study, I discovered how a specific type of hollow-core fiber (the
inhibited-coupling fiber) exhibits all the requirements in that regard. More specifically, I have
identified that the multiband dispersion profile of such fibers can be used to tailor the phase-
matching conditions and to control the degree of time-frequency entanglement. I took the
opportunity of an on-going collaboration with the GPPM group of XLIM, which detains state
of the art hollow-core fabrication facility, to test this hypothesis experimentally. I identified
a new fiber design, here based on a gas-filling (xenon) and demonstrate the first photon-pair
generation in such a medium. Emphasis was placed onto designing the photon-pair source for
heralded-single photon source. Signal and idler are created at benchmark wavelengths (tele-
com and visible range) and the photon-pair spectral properties are tailored (into factorable

state). Moreover, as I will detail, the gas-filling allows reaching unprecedented signal to noise

ratio compared to other fiber architectures.

Fig. 3: Cross section of a. the liquid-filled photonic bandgap HCPCF used in Part B b. the gas-filled
inhibited coupling HCPCF used in Part C. The white areas correspond to silica and the black areas
are filled with either the liquid or gas. c. Photo showing the sealed gas cells and fiber from Part C.
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INTRODUCTION

Outline of the thesis

The manuscript is composed of three parts.

- Part A provides the theoretical framework. The first chapter Al describes FWM photon-
pair generation in an optical fiber. The second chapter A2 introduces useful tools to de-
scribe the spectral properties of the photon-pair: the Joint Spectral Amplitude (JSA) and
the Schmidt decomposition. In particular, the notion of spectral correlation/spectral en-
tanglement and its consequences are discussed. Finally, the Raman scattering process
and its characteristics depending of the medium (diatomic, silica, liquid, gas, etc.) are
described in chapter A3.

- Part Bpresents a Liquid-filled PBG-HCPCF based on a commercial HCPCE While the first
demonstration of photon-pair in this medium was in the infrared wavelength range [25],
herein we design a source toward the generation of photon-pairs at telecom wavelength.
In the first chapter, several combinations of liquids and fibers are investigated through
experimental characterizations and simulations. The second chapter describes how the
Raman-scattering noise can be avoided in such liquid-filled fibers and our experimental
setup.

- Part C describes the Gas-filled IC-HCPCE We demonstrate for the first time to our knowl-
edge a photon-pair source in such media and its Raman-free property. The first chapter
introduces the concept of spectral correlations manipulation and why it is important
in view of quantum information applications. Moreover, after describing the inhibited
coupling guidance mechanism, we show theoretically how the IC fibers design offer a
huge versatility in tailoring the photon-pair spectral properties (including spectral cor-
relations). We demonstrate experimentally this versatility in the second chapter by per-
forming a spectral tomography of the generated biphoton state. Finally, the third chapter

presents the characterisation of the source in the photon-pair regime.

11
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Part A

Spontaneous four-wave mixing for

photon-pair generation

13






Part A of the manuscript introduces the different theoretical concepts that will be useful in the
following of the manuscript. In the first chapter, a model is given to describe spontaneous four-
wave mixing nonlinear process and to derive the photon-pair state as a function of both medium
and pump parameters. The second chapter introduces key-concepts: (i) the joint-spectral ampli-
tude function and (ii) the spectral density map which describe the photon-pair time-frequency
properties. The last chapter describes another nonlinear effect of importance in this manuscript,

Raman-Scattering, and why it is generally detrimental for photon-pair generation.

Chapter Al: Spontaneous Four-Wave Mixing in Optical Fiber
Chapter A2: Joint Spectral/Temporal Amplitude

Chapter A3: Avoiding Raman scattering

15



Chapter Al

Spontaneous Four-Wave Mixing in
Optical Fiber

1.1 DielectricPolarization . . . . ... ... .0ttt ittt ittt 16
1.2 Electromagneticfields . .. ... ... ...ttt enns 20
1.3 DerivingtheHamiltonian . . ............. ... i 22

In this chapter, we derive a semi-quantum description to detail the spontaneous four-wave
mixing nonlinear effect. In this approach, the electromagnetic fields describing individual pho-
tons are quantized whereas the pump and the medium are considered classical. Starting from
the Schrédinger equation, the nonlinear Hamiltonian and the photon pair wavefunction are
derived.

The development is inspired by the thesis manuscripts of Warren Paul Grice [28] and Mar-
gaux Barbier [29] who both derived a semi-classical and a quantum model for describing the

generation of photon pair through four-wave mixing.

1.1 Dielectric Polarization

a) Linear regime

In the linear regime, the propagation of an electromagnetic wave in matter is influenced by the
dielectric polarization induced by the electric field of the wave. The dielectric susceptibility x ")

relates the dielectric polarization to the electric field [30]:

Pi(r, 1) :eozxg})(m)ﬁj(r, ) (Al.1)
j

where € is the vacuum permittivity, ) is a rank 2 tensor, expressed in the form of a 3x3 matrix,

and the indices i and j take the values of the Cartesian coordinates (x,y,z).

16



CHAPTER Al. SPONTANEOUS FOUR-WAVE MIXING IN OPTICAL FIBER

b) Nonlinear regime

In a regime of strong electromagnetic field, the dielectric response to the electromagnetic field
is no longer linear and Eq. (Al.1) is no longer valid. Then, the polarization of a transparent

media is given by [30]:

5 DR 2) BB 3) BB
Pi=eo ) XV +eoZ§x§]?kEjEk+e02;;x§j)klE,-EkEl +. (Al.2)
J J J

J

- -

linear non linear

where each [x®'] is a real k+1 rank tensor composed of (k + 1)¥*! components such that XE-}) =
3)

k= e;.[x?]ejere;, with e; is the unit vector of axis i.

e;.[xVlej, xi.?})k =e;.[x?]ejer and X

In the following, we will consider only isotropic media (invariance along three spatial di-
rections). In that case the dielectric polarization and the electric field are parallel, such that the

equation simplifies to:

P, 1) = o VE(, 1) + eox PE(x, ) E(x, 1) + eox P B(r, DEx, DE(X, 1) + ... (A1.3)

We define:
P =eoxVE®, 1) (Al.4)
Par = eox PR, 0B, 1) +eox P B, DE®, HE®, 1) + ... (A1.5)

The dielectric polarization is an electronic response from the medium. Hence it is expected
that the nonlinear terms become non-negligible when the amplitude of the applied field is of
the order of the characteristic atomic electric field strength E,; = e/ aé, where e is the charge
of the electron and ay = /*/ me? the Bohr radius [30]. Since X(l) is of the order of unity, we can
expect that x® is of the order of 1/E,; and thus ¥ = x*=V/E,, = 1/EX71. Since the suscep-
tibilities quickly decrease for an increasing k order, only nonlinear effects of the second order
x? and third order x® susceptibilities are generally accessible with a standard laser. Hence,

the higher order terms are neglected.

Let us illustrate the role of the nonlinear dielectric polarization with examples. First, we
consider the case where medium is pumped by an electromagnetic field consisting of a plane
wave E(f) = ;7?1 4 ¢.c.. The term Py is the linear response of the medium. It consists of part
of the electromagnetic field oscillating at the same frequency w;. The nonlinear term Pyr con-
tains components of the form E? and E® and therefore bears terms oscillating as twice the fre-
quency (second harmonic) or three times the frequency and more. The situation becomes even
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1.1. Dielectric Polarization

more diverse when considering an electromagnetic field in a superposition of fields with dif-
ferent central frequencies. Table Al.1 sums up all the possible different frequency components
that can arise from a nonlinear interaction when considering a monochromatic field (first row)
and a field which is a sum of two plane waves (second row). Note that the number of frequency

components increases rapidly with the number of input wavelengths.

Tab. Al.1: Frequency components of the dielectric polarization induced by a plane wave. SHG:
second harmonic generation, OR: optical rectification, SPM: self-phase modulation, THG: third
harmonic generation, SFG: sum frequency generation, DFG: difference frequency generation

Input Field XV x® x©
E(t) =€ e @1t W] 2w; (SHG) 3w; (THG)
+ C.C. 0 (OR) w1 (SPM)
w1 2w; (SHG) 3w; (THG)
[O%) 2w, (SHG) 3w, (THG)
E(f) = e 01! w1 +wy (SFG) | 20 +w;
t+epe o2t e, w; —w2 (DEG) | 2w; — w2
0 (OR) W] +2w2
W] — 2(02

c) Derivation

In practice, nonlinear media often exhibit symmetries such that many components of the non-
linear susceptibility tensor vanish. In the case of centrosymmetry (invariance under inversion
through the origin) for instance, it can be easily shown [30] that all the even nonlinear suscep-
tibilities vanish (x® =0, x¥ =0, etc.).

Optical fibers, whether composed of a silica core or of a hollow-core filled with a liquid or gas
are centrosymmetric. Thus, the smallest nonlinear susceptibility order we consider is the third

order. Discarding higher order odd terms, the dielectric polarization becomes:
Pri(r, 1) = eox P E(r, N, NE(r, 1) (AL.6)

Let us assume that the electromagnetic field E is composed of four distinctive fields designated
as pumpl, pump2, signal and idler oscillating at w1, w2, ws and w;. Since we are considering
a fiber media, it is justified to restrict ourselves to electromagnetic fields propagating in the z
direction, in the fundamental transverse mode of the fiber. We also consider that all four fields

share the same linear polarization along e which greatly simplifies the notations.

E(z,0) =Ep1(z, ) +Ep2(z, 1) + E5(2, 1) + Ei(2, 1) (Al.7)
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CHAPTER Al. SPONTANEOUS FOUR-WAVE MIXING IN OPTICAL FIBER

All the fields may be expressed in terms of their positive and negative frequency parts:
» _fH) (=)
Ex(z,0) =E (2, 0) +E, (2, 1) (A1.8)

Distributing the different terms of the product, the nonlinear dielectric polarization is com-
posed of:

Pri(z, 1) = eox® (13:,,1 (2,0 +Ep2(z, 0 +Bs(2, 03 + Ei(z, 0° (A1.9)
+3EBp1 (2, 0%Ep2(z, 1) + 3B p1 (2, %Es(z, 1) +3Ep1 (2, 0?Bi(2, 1)
+3EBp2(2, 0%Ep1 (2, 1) + 3B 2 (2, 0°Es(z, 1) +3E 2 (2, 0?Ei(2, 1)
+3EB4(z, %1 (2, 1) +3B5(2, O°Ei (2, 1) +3E5(2, % Epa (2, 1)
+3Ei(z, 0%Ep1(2, ) + 3B (2, 0°Es(z, 1) +3B;(2, °E (2, 1)
+6E,1(z, DE (2, NEi (2, 1) + 6E 2 (2, NEs(2, DEi (2, 1)

+68p1(2, DB o (2, 0B, (2,0 + 681 (2, 0B o2, DEi(2,1))

Such general expression describes the collection of all x'® nonlinear effects which comprises
the possible third harmonic generation, four-wave mixing, self phase modulation and cross
phase modulation. In total, it contains 40 different frequency components around:

3Wp1,3Wp2,3Ws, 304, Wp, Ws, W}, 2Wp1 £ Wp2,20Wp1 + Ws, 20 p] + W;
20Wp2 T Wp1,20p2 £ W5, 20p2 £ W4, 205 T Wp1, 205 + Wp2, 205 + W;
20; TWp1,20; £ Wp2,20; £ W5, Wp1 T Wp2 £ W5, Wp1 T Wp2 T W;

Wp1 W50, Wp2 Vs EW;

Typically, no more than one of these frequency components will be generated in the medium.
In addition to energy conservation, the process must fulfil a certain phase-matching condition
which ensures that the waves radiated by the nonlinear polarization in the whole crystal inter-
feres constructively through the propagation. In the following, only the parametric four-wave
mixing terms fulfilling w,; + wp2 — ws — w; = 0 are kept. All other effects are considered not

phase-matched and are therefore discarded. We are left with four terms:

Pri(z, 1) = egx® (61%;;) (2, DB (2, 0B (2,0 +6E) (2, DES (2, DB (2, 1) (A1.10)

f(+) f(+) £ () f(+) fi(+) (=)
+680 (2,080 (2, 0B (2,0 + 68 (2, 0BG (2, 0B (2,0)) + hc

In fact, the different terms of Eq. (A1.10) lead to the same nonlinear effect of the form
x“@;’ﬁgﬁg‘)ﬁf’ as we will see later when deriving the Hamiltonian (see section A.1.3). This
degeneracy is known as the Kleinman’s symmetry' which is valid whenever we consider fre-

quencies far from resonances of the medium.

! for more details, see p.37 of [30]
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1.2. Electromagnetic fields

“p, W, \L “p,
Swpl C(]pl prl — wpz

“p, @,

w l Wp w

W, “n,

wp, Wy Ws
Wp1 + Wpz — Ws w Wpl — Ws — Wi wpl Wi

2]

Fig. Al.1: Illustration of different possible x> nonlinear interactions leading to a dielectric polariza-
tion at some given new frequency. The black arrows are the interacting input fields and the nonlinear
polarization frequency is represented by a gray arrow.

1.2 Electromagnetic fields

a) Signal and idler fields

Assuming that the spectrum of each mode in the fiber is concentrated around a central fre-

quency w j, the quantized electromagnetic field is given by [28]:

. hw; .
Bz, =Y iy/ co——2—ar, P00 1 e (AL11)
kj 2VQ€()I’Z ((.0]') J

where V(, is the quantization volume, n(w;) is the frequency dependent index of refraction and
ay, is the annihilation operator for the mode characterized by wave vector k = f(w;)e;. Note
that, we use the notation convention of the fiber optic community where the z-component of

the wavevector k, is commonly denominated as f3.

It is convenient to convert the finite summations into integrals [31, 29]:

dkj d(x)j
kzjafLQﬁafLQﬁl(m,)H (Al.12)
a(k;) a(wj)

! \/E \/ﬁl((&)]’)LQ
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CHAPTER Al. SPONTANEOUS FOUR-WAVE MIXING IN OPTICAL FIBER

Such that:

Bz, 1) = A]-f do;a(w;)e’ PNzl 4 pc (Al.14)

i hw;ip(w;))
Lo [ i)
where A; = 521/ 55 et Pk

area with Lq the quantization length.

. \ .
with B; = % and Aeff = ﬁ taken as the fiber transverse effective

We use the slowly varying envelope approximation, i.e. the bandwidth of the considered
electric field is small compared to its central frequency. This allows us to extract the A; from
the integral. Such approximation is justified since we only consider narrow spectrum electric
fields.

The creation and annihilation operators satisfy the usual commutation relations:

[4(w),a' ()] = 8(w-n") (Al.15a)
[4(w),aw")] =0 (Al1.15b)

In the end, signal and idler field are described by:

Bi(z, 1) = A, f dws a(wg)e! Pzt L p ¢ (A1.16a)

Ei(z 1) :A,-f dw; a(w;)e!P@dz—will L p ¢ (A1.16b)

b) Pump fields

The pump fields are much stronger than the signal and idler fields and are assumed to be un-
depleted as they propagate through the fiber. Accordingly, the pump fields may be replaced by

classical fields of the form:

Epi(z, ) = Epi(2, 1) = Epr (DeP@r? 1 cc (Al.17a)

Ep2(2, 1) = Epa(z, 1) = Epa(DeP@rd? ¢ c (A1.17b)
And their Fourier decompositions are given by:
+00 5 .
Epi(z 1) = f dop1 Epp (wp1) e/ POmz=emDd (Al.18a)
hoo ,
Epa(z 1) = f do pp B pp (0 pp) e/ P@r2)Z=0p20) (A1.18b)
-0

Where E p is the Fourier transform of the temporal envelope of the field. Note that, no assump-

tion is made on the pump spectrum shape (Gaussian, non-Gaussian, etc).
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1.3. Deriving the Hamiltonian

Having defined the non-linear polarisation and the fields, we can derive the non-linear

Hamiltonian to describe the four-wave mixing process.

1.3 Deriving the Hamiltonian

In quantum physics, there exist distinct representations among which the three most com-
monly used: (i) the Schrodinger, (ii) the Heisenberg and (iii) the Interaction pictures (the later
being also called Dirac picture). While mathematically equivalent, they differ from each other
in the role that the wavefunction and the operators bear. In the Schrodinger picture, the wave-
function is time-dependent as opposed to operators which remain fully time-independent.
The Heisenberg picture it is the exact opposite. Finally, the Interaction picture lies halfway,
with both the wavefunction and operators bearing a certain time-dependence. When an in-
tense pulse of light propagates through the medium, the Hamiltonian describing the system
can be decomposed into a linear part H; and a non-linear part Hyi, the latter being consid-

ered a perturbation (A =H; + Hyp).

Schrédinger Heisenberg Interaction
d . d d .
ih— 1))=H t —_— 1))=0 ih— ))=H t
i lws@)=Hlys)  —[wu®) i [wi(0) = Hxe wi(®))
dOs _ L dOu 1A o dOr A
1 =0 in 4z —[OH,H] dr —[OI;HL]

In our case, we adopt the Interaction picture which has the advantage of allowing to focus
on the nonlinear contribution only. Indeed, the state is determined by solving a Schrédinger

equation of the form:

d .
ihahu(t)):HNL(t) lw(0) (A1.19)
From which we deduce:

[w(z+dn) = e iy () (A1.20)

Before the pump pulse interacts with the medium (¢ < 0), the signal and idler are void of any

photon. The initial state at ¢ = f is then |0s,0;) such that we can write:
it
[p(eh) =€ ila el 0, (Al.21)
Since the nonlinear interaction has a low efficiency, we can then make a Taylor expansion of

22



CHAPTER Al. SPONTANEOUS FOUR-WAVE MIXING IN OPTICAL FIBER

the exponential [32]:

_irt
() ~ []1 + # At fng (8) (A1.22)
Io

+ (i fﬂ dtft” de"Ane (6) AnL (") +...[105,0;)
nz Ji fo

A derivation will show later that Hyy.(¢) contains the photon pair creation and annihilation
operator d(wg)/ at (o s)and da(w;)/ at (o i). Thus, qualitatively, the k™ order of the Taylor expan-
sion, corresponds to the parametric generation of k-photons pair.
The term (ff Ay (HHNL(t")dtdt”) contains terms corresponding to double pair generation
within the same interaction?. Experimentally, these terms correspond to processes that gen-
erally cannot be used as it is not possible to separate pairs deterministically. It is even detri-
mental as it decreases the signal to noise ratio [33]. In the following, we only consider a regime
where the pump power is weak enough so that double-pair generation occurs with a negligible
probability. With this assumption we can limit the mathematical treatment to the first order

expansion:

. t/
lw(£)) :(]1—%[ HNL(t)dt)IOs,Oi) (A1.232)

Io

irr.
=105,0;) - 7 Hny.(2) dz0s,0;) (A1.23b)
[4)

Usually, in order to simplify the notation, the vacuum contribution is discarded so that we de-

fine the photon pair wavefunction (also called biphoton state) as:

i [
|1Vpuir(t,)> = 7 Hny(2) d£10s,0;) (Al.24a)

4

It is noteworthy that discarding the vacuum is only a notation simplification such that

|Wpair(¢)) is not normalised vector, it is |y (#')) which is normalised.

The interaction Hamiltonian is related to the nonlinear polarization according to [30]:

AnL(0) = ;11 f dVE(r, HPni(r, 1) (A1.25)

A . .
= Z[ dzE(z, t)PNL(2, 1) (A1.26)

where A is the result of the spatial integrations of the fields along the transverse dimensions.

2 more details in [32]
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1.3. Deriving the Hamiltonian

We recall that E(z, 1) = Ep1(z, 1) + Epo (2, 1) + Eg(2, 1) + E; (2, 1). Injecting Eq. (A1.10), we obtain:
Fne (1) = 6eox© A f dzBS) (2, DES) (2, DB (2, 0B (2,0 + hc. (A1.27)
First let us replace the signal I:Zg_) and idler I:Zg._) field by their respective expressions:

Anp () =k f dz f dwsdw;E) (2, DB (2,1) (A1.28)

x af (wg) e P@IZm0stl 5T () ) gmIPlwzwill L p ¢

where all constant factors are grouped together in the constant k, along with the functions A;
and A;.

Therefore, the biphoton state is given by:

|Wpair(£)) :detf dzf dwsdw;E}) (2, DB (2, 1) (A1.292)
xa' (wg) e IPIZm0ll o g (e Pl@Dzwitl g o))
=K f dr f dz f dmsdwiES’f(z, t)E;rz)(z, ) (A1.29b)

x g HBWw)z-wst] o H-iBlw)z-w;!] lws, w;)

where |w j) corresponds to a one photon Fock state at w;. Note that the hermitian conjugate

has disappeared since d,; |0m~> =0.

The term |wg, w;) describes a photon pair. The integral over time and space will impose con-
straints on the signal and idler frequencies that may or may not be generated.

The order of the time, space and frequency integrals can be modified in such a way that:

o L t .
|xppair(r’)>:1<ffo dmsdu)ifo dz(ft drEgjl)(z,r)E;;)(z,r)e"(‘*’s“”i”) (A1.30)
0

e—i(ﬁ(w3)+ﬁ(wi))z) lwg, w;)

The time dependent part Egl) (z, t)E;;rz) (z, t)e”@sT@dT yanishes whenever one of the two fields
reaches zero. Therefore, as we consider pulsed fields, this product is non-zero only for a short
period of time when the two pump pulses are inside the medium. Obviously, the interaction

cannot take place before they enter the medium or after they exit it. Thus, the time integration
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CHAPTER Al. SPONTANEOUS FOUR-WAVE MIXING IN OPTICAL FIBER

can be extended to infinity, making the calculation easier to handle.

o0 L (.°] .
|w,,m-r(t’)>=1<ffo dwsdwifo dz(f th(;l)(z,t)ESrZ)(z,t)e_’(‘”s“”")t) (A1.31)

« e—i(ﬁ(ws)‘*'f)(wi))z lws, ;)

Moreover, to perform the different integrations it is useful to replace the classical fields by their

Fourier decompositions (Eq. A1.18b):

0o 0o i
=K f f f dosdo; dwpr dwy B @p1)ES) (wpz)( f dte—”wmmvz—“s—“f”) (A1.32)
0 —00

Lo
x(f dz e”ﬁ(‘”ﬁl”ﬁ(w”)_ﬁw_ﬁ(wi))z) lws, w;)
0

a) Time Integral
Let us first consider the term in parenthesis corresponding to time integration:

m .
Ltime = f dt e {@nTOp-0-0)1 (A1.33a)
—00

=278 (ws + Wi — Wp1 — Wp2) (A1.33b)

One can already notice that the result of the time integral gives the energy conservation of

the four-wave mixing process.

b) Space Integral

This term is the integration over the fiber length in the propagation direction. The transverse

integral is already included in k. To simplify the notation we define:

AB(p1,®p2, 05, 07) = B@p1) +Bwp2) — Plws) —p;) (A1.34)

Lo
Ispace = f dz e P 0p 5wz (A1.35)
0

This integral can be easily performed by noticing that A1.35 can be written as the spatial Fourier

transform of a gate function which is a sinus cardinal function.

CXJ .
Ispace = f dz TI(z) e 2P@r10p2050:)2 (A1.36a)
—00

. L
IAB(Wp1,0p2,050;) 5

L
= Lsinc(Aﬁ(wpl,wpg,ws,wi)E) e (A1.36b)
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1.3. Deriving the Hamiltonian

Where [1(z) is a gate function corresponding to the fiber length:

1 if0<z<L,
I(z) =
0 otherwise

Using the integral of the square function gives the intuitive interpretation that the sinc function
comes from the finite boundaries of the fiber®. Such consideration will be important later while

discussing the defects resulting from the rebounds of the sinc function.

c) Spectral integral over w
Injecting the result of the time and space integrals, we obtain:
* = (+) = ()
|Wpair) = Kfffo dwsdw; dop dwp B Y (0pDE) (0p2) (s +w; —0p1 —wpe) - (AL37)

. Ly ; 3L
xmnc(Aﬁ(mPl,wpz,ws,w,-)5) elAﬁ(U)plyprJmsvwl)z |(1)5,(Di>

Before developing the calculation further, one can already notice that Eq. (A1.37)
bears two constraints on the signal and idler photons that can be generated. Firstly,
1:3;;1) (wpl)ES'z)(wpg)S(ws +w; — Wp1 — wpp) relates the frequencies of the pumps signal and
idler. Secondly, the sinc term which is maximum when f(w 1) +p(wp2) —P(ws) —P(w;) = 0 adds
a constraint on the momentum of the signal and idler photons. These two relations will bear

the energy and momentum conservation discussed in section A.2.1.
We can simplify the Eq. (A1.37) by recognizing a function of the type:
f d(l)pZ X(pr)ﬁ((Ux - (Dp2) =X(wy) (A1.38)
= . ; gL
where 0y = Ws+w; —wp1, and X(wp2) = E;rz) (u)pg)smc(AB(wpl,wpz, W, W;) 15) e AP p1,0p2,w5,01) 5
Using the relation in Eq. (A1.38), the equation simplifies to:

|Wpair () = Kffo dosdo;dop BN (0p)ES (@5 + 0; - 0p) (A1.39)

. Ly ; JL
s1nc(A[3(wp1,u)S,wl-)5) @ AP p1,05,0) 3 lws, w;)

where AB(wp1,ws, w;) = P(wp1) +Plws +w; —wp1) —Plws) —Plw;).

3 asinus cardinal is the Fourier transform of a gate function.
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CHAPTER Al. SPONTANEOUS FOUR-WAVE MIXING IN OPTICAL FIBER

Finally we can rewrite the photon-pair state in the following way:

|Wpair () :Kf dwsdw;Flws, w;i) lws, ;) (A1.40)

With:

Flws, 0;) :[ dw,,lﬁgjl) (mpl)Egg (s +0; —wp1) (A1.41)

)%

iAﬁ(UJpl ,Ws,W; 2

L
x sinc(Aﬁ(wpl,ws,wi)z)e

where we denominate F as the joint spectral amplitude function (JSA).

This JSA describes all the spectral properties of the generated photon pair [34, 35]. It is
noteworthy that Eq. (A1.41) is completely general as no assumption on the pump field shape
was made so far’. This is the equation used in the rest of the manuscript when studying the

spectral properties of a given photon pair source.

Furthermore, in the case of degenerated pumps (E,(Jz) = Eifl)), it is common to introduce
a simplified expression of the JSA in closed analytical form. By using a linear approxima-
tion for the phase mismatch Ap over frequency, the remaining integral over w,; can be per-

formed.

d) Linearised Joint Spectral Amplitude with degenerate pump

Restricting the computation to the case of degenerate pumps, which corresponds to our exper-

B g — g

imental scheme, we obtain w,; = wp, = w, and E p1 = B, =Ep”. Werecall that in the general

case:
AB(wp, s, w;) = Plwp) +P(ws +0; —wp) —Plws) —Plw;) (A1.42)

The linearization consists of using a first-order Taylor expansion series of each p(wy) around
the frequencies oo% for which perfect phase-matching (Aﬁo = ﬁ(m%) + ﬁ(w(s) + m(l.’ - m(;,) - ﬁ(m‘s)) -
B(w?) = 0) is attained (where k = p, s, i):

dp

dw e (A1.43)

Blwr) = Bw)) + (wk — w})
This is equivalent to neglecting the group-velocity dispersion (second order term of the Taylor
series) and higher order dispersion effects. Intuitively, this approximation allows to get rid of
the terms which couple the propagation of the temporal pulses and the medium. For instance,

if the medium exhibits a non negligible group-velocity dispersion, then the temporal shape of

4 except the general slowly varying envelope approximation and the undepleted pump assumption
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1.3. Deriving the Hamiltonian

the pulses may broaden while propagating in the medium. Opposingly, if group-velocity dis-
persion is negligible, the temporal shape is unchanged through the propagation and is there-

fore decoupled from the medium.

Applying this first order expansion with respect to w to the terms of AP, we obtain linear phase

mismatch AByj,:

dp dp

ABiin (W p, w5, ;) = AR° + (wp - wg)a o) +(ws+w; -0y - w? - u)(i) + w%)a o) (Al.44)
- (ms—w‘;)% Rl —m?)% y
It can be noted that all the terms in w, vanish so that we are left with:
ABiin (W5, 07) = (@5 + 0; — ) — 0NP1, — (s — 0NP1s — (0; — NP1 (A1.45)
Where we used the notation f = % o0
Aiin (@5, 07) = (05 = 0 B1p = P1s) + (@i = 0] B1p = B17) (A1.46)

With the linearized AB(wp, ws, w;) — APjin(ws, w;) the phase matching function can be ex-

tracted from the integral:

~ ~ . L. iag, 3L

Fiin (05, ;) = f dop B (@))E (s + 01 = 0p)sine(dBin (s, 07) e ez
. L ap. 3L - -

=smc(Aﬁnn(ws,wi)g)emﬁl‘“(‘”s""’)2 f dwp ES (0p)ES (05 + wi - 0))

L iap: L
= SinC(ABlin(ms,(Dl-)g)elAﬁhn((Dsy(Dz)2 <

N AN

o) . 7))
Ep *Ep

((l)s +(.0i) (A14-7)

J

-

(b((;:vu’i) a(ws,w;)

where

5 5
Ep *Ep

(ws + w;) is the autocorrelation of the pump envelope amplitude.

Thus, thanks to the linearisation, we obtain a simplified analytical expression for the

joint spectral amplitude:

Fiin (05, w;) = a(ws, w;) X Gp(ws, w;) (A1.48)

It is the product of two functions:

The energy conservation function a(ws, w;):

alws, ;) = [ESY # B | (0 + ;) (A1.49)

28



CHAPTER Al. SPONTANEOUS FOUR-WAVE MIXING IN OPTICAL FIBER

The phase-matching function ¢(wg, w;):

. L
x exp[lAﬁlin(ws»(Di)E (A1.50)

] L
b(ws, w;) = sinc Aﬁlin(ms:wi)z

The obtained linearised JSA expression has the advantage of being more intuitive as it decorre-

lates the pump contribution from the one of the medium.

e) Note on the non-degenerate pump scenario

In the case of non-degenerate pumps, an analytical solution of the JSA can also be found with
the additional assumption of considering E;;rl) and ESZ) as gaussian pulses of width o) and o>,
respectively. In the degenerate pump scenario we did not use any assumptions on the pump
spectral shape. As we will not use the non-degenerate regime in this work, we will not derive
the calculation but only give the final expression [34].

_ (wg—wsomi—wio)z

a(ws,w;) = e of+o} (A1.51)

(02, 07) = MBe BBl [arf(—— _ BBy L) + erf(iBByL) (A1.52)
Wil = 7B lin lin .

where M is a normalization coefficient, erf is the error function and B is defined as
_ _ \0oi+0;
= 0102LB1p, —Pip,)

In such a configuration, one would have to consider the group velocity difference between
the two pumps (B1p, —P1p, # 0), which limits the interaction length to the effective distance

where they overlap. This is the so-called group-velocity walk-off (contained in the term B).

|Conclusion |

In this chapter, the analytical expression of the photon pair wavefunction in the degenerated
pump regime has been derived. We have shown that it can be written as a product of: (i) a
phase matching function (in the form of a cardinal sine function) resulting from the spatial
integration over the fiber length and (ii) an energy conservation function (in the form of an
autocorrelation of the pump spectrum) resulting from the temporal integration over the total

duration of interaction.

Using this result, the photon-pair frequencies and generation efficiency can be quantitatively
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predicted from the knowledge of fiber parameters (length, dispersion, n,) and the pump pa-
rameters (temporal/spectral shape).

We recall however that such derivation is valid only under the assumptions of a weak pump
regime so that we can approximate the hamiltonian to its first order Taylor series and neglect

the multipair contributions.

The next chapter is devoted to the study of the joint spectral amplitude function which de-

scribes the spectral correlations.
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This chapter describes the physical interpretation of the joint spectral amplitude function.
It is a powerful tool to describe the joint effects of the pump and the medium. Moreover, a link
between this function and the spectral properties of the photon-pairs is discussed. In particu-
lar, we will see how this function is related to the time-frequency correlations (= entanglement
between the photons of the pairs) and the purity of individual signal and idler photons. In a
second section, the Schmidt decomposition is introduced to give a quantitative characteriza-
tion of the spectral entanglement and strategies to control the amount of spectral correlations
are described in the third and fourth sections. The last section presents the spectral density

map which is a useful tool to describe the phase-matching as a function of pump wavelength.

2.1 Joint Spectral Amplitude

As described in the last chapter, the state produced by spontaneous four-wave mixing in an

optical fiber of length L is given by:
) =10,0) + f dw do;Fos, 07) o5, 07) (A2.1)

Where we recall that the quantity « is a constant corresponding to the generation efficiency,

and F(ws,w;) is the complex-valued joint spectral amplitude function (JSA), normalised to
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2.1. Joint Spectral Amplitude

JJ dosdw;|F(w s, ;)2 = 1. Moreover, the JSA can be approximated as the product of the en-

ergy conservation function a(ws, w;) and the phase matching function ¢(ws, w;):
Flws, w;) = alws, w;) dp(ws, w;) (A2.2)

Let us discuss in more details the physics contained in each terms of this approximated

analytical expression! of the photon pair state:

a) The generation efficiency density k

The efficiency of photon-pair generation is related to [29]:

k2 ~ LPpr)z (A2.3)

CAett

with 72, the medium non-linearity, A the fiber transverse effective area, L the fiber length, P,

the peak power and 1, the pulse duration of the pump.

The probability to generate a signal photon in the range [ws) — dws/2, ws + dws/2] and an

idler photon in the range [w;o — dw;/2,w;o + dw;/2] is given by:

Proba(w,, w;) = |<w5,wi|Wpair> 1> dw;do; (A2.4a)
= [K*F(ws, 0;)* dos dw; (A2.4b)

F being a normalized function, it is [k|? that bears the quantitative part of the generation effi-
ciency. The quadratic dependence of the generation rate with respect to the pump intensity P,

favours the use of pump with high peak power?.

In practice, fiber based photon pair sources usually exhibit efficiency in the order of 107>
to 1072 pairs/pulse for a length in the meter range and a few mW of average pump power with

picosecond pulses.

b) Energy conservation function a(w;, w;)

a(ws, 0;) = E;’*E;’ (W5 + ;) (A2.5)

This term bears the energy conservation condition, imposing that the energy of the created
photons iw; and fiw; corresponds to the energy of the two annihilated photons around 27w 0.

Indeed, since E p1(w) is a function of w — w o, it follows that a(ws, w;) is centered around w; +

Iplease refer to Eq. (Al1.41) for the exact expression
2as opposed to SPDC where the brightness increases only linearly with pump power such that both continuous
laser and pulse laser can be used.
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CHAPTER A2. JOINT SPECTRAL/TEMPORAL AMPLITUDE

w;—2wpo. The fact that this function embodies the energy conservation function is an expected
result since it is derived from the time integral of the interacting fields and it is well known that
energy conservation is related to time invariance. The longer the pulse (= higher time invari-
ance), the less the energy conservation is relaxed. In other words, since we consider a pulsed
pump, E;rl) has a spectral width o centered on w,o. The narrower o, the stricter the energy
conservation condition. In the limit of a monochromatic pump?, it can be easily demonstrated

that a(ws, ;) tends t0 62w po — w5 — w;).

Energy conservation

Naive representation More realistic representation

Fig. A2.1: Schematics of the energy conservation. Representation on the right shows a more realistic
scheme where, due to the spectral width of the pump, the energy conservation is slightly relaxed.

_ (w—wpo)z
Let us consider a Gaussian pump amplitude, E(w,) =Ege 202 . Such assumption legiti-
mately describes the usual spectrum exhibited by a standard pulsed laser. The autocorrelation
of the Gaussian spectrum also gives a Gaussian of the form:

(u)5+u)i72u)p0)2

a(ws,w;) =Eie” wZ (A2.6)

For a Gaussian spectrum the function a is fully described by two parameters:
« its width A« related to the spectral width o of the pump amplitude (Aa = v20).
* its position in the 2D plane related to the central frequency w o of the pump laser

This function can be displayed graphically in the 2D plane (ws, ®;) to get a better insight of its
physical meaning, as for instance in Fig. A2.2. It is noteworthy that a function always exhibits
a slope of —45°, regardless of the shape of the pump spectrum (Gaussian or not). It comes from
the equation: 2w,o — ws — w; = 0. This slope is a signature of the anti-correlation between

signal and idler frequencies, due to the energy conservation.

Moreover, because the FWM comes from the interaction of two pump photons, the energy
conservation function « is the autocorrelation of the pump spectrum. This is different from

SPDC where, as only one pump photon is converted, « is directly proportional to the pump

3in that case there is a full time invariance causing the energy conservation to be strict
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A
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776 770 772 774
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770 772 774
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776
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0

770 772 774
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776 770 772 774

signal [nm)|

776

1

0.8
0.6
0.4
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idler [n

1033 nm
F1550
1530 772774
s1gnal [nm]

Fig. A2.2: Computed function a(w, w;) when considering different parameters of the Gaussian pump
amplitude. The first row shows different spectral widths Aw for a fixed pump wavelength (A, = 1030
nm) whereas the second row different central wavelength ApO0 for a fixed spectral width (Aw = 0.12

THz).

spectrum. When considering a standard gaussian pump spectrum, the difference between

SPDC and FWM is not really remarkable as the autocorrelation of a gaussian is also a gaus-

sian. However notable differences occur when considering non-gaussian pulses. Figure A2.3

shows such an example when considering a square pump spectrum.

N lx(wSrwi)
E,(f)
y >(,()
S
w\ A a(ws, w;)
CJP
Ws

Fig. A2.3: Example illustrating the difference between the energy conservation function for SPDC and
for FWM when pumped with a square spectrum pump. The spectra in the right hand side correspond

to a projection of a(ws, w;) along the signal axis.
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¢) The phase matching function ¢(w;, w;)

. L ) L
$(ws,0;) = sinc| A (0, 01) 7 | x exp 8B (s 01) (A2.7)

This third term is the phase matching function which expresses the momentum conser-
vation. Indeed the term is maximal when the argument of the cardinal sine function cancels,
which happens when 2f(w)) = f(ws) +p(w;). As described, it derives from the spatial integral
of the fields over the fiber length (Eq. A1.35). Once again, this is not surprising considering the
well-known link between space invariance and momentum conservation®*. Besides, due to the
finite fiber length, the momentum conservation is relaxed. The longer the fiber, the sharper the
momentum conservation and, in the limiting case where L — oo, the function would become a
delta function {8(2B(w,) — pw) — P(w))).

Momentum Conservation

Blwp) Blwp)

) )

Blws) B(w;)

Fig. A2.4: [llustration of the momentum conservation requirement. In the fiber, the different momen-
tum vectors are parallel to the direction of propagation.

For a given pump energy, an infinite number of frequency pair combination of (ws, w;)
fulfil the energy conservation. The medium dispersion determines the likelihood of each of
these possibilities through the phase matching condition. In others words, the pump brings

the amount of energy available and the medium dictates how this energy is converted.

More quantitatively, if we zoom around a certain couple »? and w(l.), the main lobe of the sinc
can be approximated by a Gaussian of the form® [36]:

. L Y12 (ABunws.00))”
’SIHC[Aﬁnn(ws,mi)EH:e Ve B {0s0r (A2.8a)

= e‘YLZ((u)x—u)g)-(ﬁlp—ﬁls)ﬂwi—w?).(ﬁlp—ﬁli))z (A2.8b)

with y = 0.04822.

4an another way to see this is to consider the gain-bandwidth trade-off. For a longer fiber, the gain increases but

then, the bandwidth decreases.
5sinc(x/2) and exp(- Yx2) have the same widths at half maximum.
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2.1. Joint Spectral Amplitude

Which corresponds to a Gaussian in the (wg, ;) plane of width Ad, making an angle 0 rel-

atively to the w; axis with:

A= ! (A2.9a)
L\/ZY((ﬁlp —PB1s)%+ B1p —P1)?)
0= —arctan(M) (A2.9b)
B1p — P

Importantly, the width A is inversely proportional to the length of the medium L whereas the

1
Vg (w)

angle 0 is only related to the inverse group velocities f; (w) = in the medium. Figure A2.5

shows examples of different values of these two parameters.

0.12 THz

idler [nm]

A

772 774 776 770 772 774 776 770 772 774 776

signal [nm] signal [nm] signal [nm]

770

dler |[nm)]
dler [nm)|

1

1

1530 1530

770 772 774 776 770 772 774 776 770 772 774

signal [nm] signal [nm] signal [nm]

776

Fig. A2.5: Computed |d(ws,w;)| for different parameters. The first row represents modifications of
the width (inversely proportional to the fiber length) for a fixed angle 0 = —10°) and the second row
modifications of the angle for a fixed length L. The rebounds are due to the sinc.

One can already observe that the differences in [3; between pump, signal, and idler are a
decisive factor in determining the shape of the JSA as it governs the angle 8. Such angle will be

crucial when considering the spectral correlations later on (section A2.3).

d) Joint Spectral Amplitude

Writing the JSA as the product of a and ¢ nicely separates the pump influence (represented
by the energy conservation function) from the medium influence (represented by the phase
matching function). Such a separation is useful as we will independently shape the medium
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dispersion (through the control of the fiber dispersion, see chapter C2) and the pump ampli-
tude (through pulse shaping). Figure A2.6 illustrates this by mapping «, ¢ and the resulting JSA.

ws , wz cpw S, wl
Fig. A2.6: From left to right: energy conservation function «, phase matching function ¢ and corre-
sponding joint spectral amplitude in the case of a Gaussian pump in an unengineered medium.

Two informations can be extracted from the JSA function:

* the position of the JSA in the 2D plane gives the range of signal and idler wavelengths
that will be generated in the FWM process for a given pump and medium. From an ex-
perimental point of view, this parameter is crucial if ones wants to aim at a specific wave-
length such as an atomic transition or a telecom channel. Knowing the value of the two
photon frequencies is also of utmost importance when considering the filtering. Indeed,
in most experiments, the photon pairs are separated from the pump using gratings or

dichroic mirrors.

* the shape of the JSA gives the spectral correlations between the signal and idler spec-

trum. The next section is devoted to the investigation of these correlations.

2.2 Schmidt decomposition

Formally, signal and idler photons are said to be spectrally correlated if their state cannot be
factorized in a product state of functions depending only on signal and idler frequencies, re-

spectively.

‘ Spectrally entangled < F(w;, w;) # S(w;s) x I(w;) ‘ (A2.10)

\ Factorable < F(ws, w;) = S(ws) x I(w;) \ (A2.11)
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2.2. Schmidt decomposition

Such factorizability can be described in a quantitative way by performing the Schmidt decom-

position.

a) Derivation

The Schmidt decomposition of the JSA rewrites the state in such a way that the signal and idler
dependences are easily identifiable. It consists in finding the function sets S, and I,; such that

the state is a sum of product states [37]:
o0
Flwg, i) = ) v/ Sn(w) In(w;) (A2.12)

n=0

Where S, (w,) and I,,(w;) define two sets of orthonormal functions depending only on the sig-
nal and idler frequencies, respectively. The weighting coefficients c, satisfy the normalization

condition:

Y cp=1 (A2.13)

n=0

Sy, I, and ¢, are solutions of the integral eigenvalue equations [36]:

f do'K; (@, 0)S (") = ¢,S, (W) (A2.14a)

f do'Ks (0, 0, 0" = c,l,(w) (A2.14b)
with K (w,0") = [ dw2F(w, 02)F* (0, w2) and Kz (w, ') = [ dwF(w;, 0)F* (w1, ).

More precisely, the Schmidt decomposition is a singular value decomposition [38, 39]. Note

that the decomposition is generally unique (except in the cases with degenerate eigen values).
Substituting into the photon pair equation (Eq. (A2.1)), and renormalising®, we obtain:
o A
|Wpair) = f f dwsdo; Y venSu(wa)la(w;) alws) bl (w;)10,0) (A2.15)
n=0

Which can be written as:

o0
|1|Jpair> = Z Ven SL IL |0,0) (A2.16)
n=0

where §J,rl = fdeSn(ms)&I(ws) and ﬂl = fdm,-ln(ws)foj(wi) define the time-frequency mode

creation operators.

6this corresponds to a post-selection of the photon-pair state only whereas before the state was vaccuum +
photon-pair state. In practice this means that x is now removed
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Thanks to this decomposition, it now becomes easily readable whether the photon-pair state is
entangled. It is entangled if the number of nonzero eigenvalues is more than one. Conversely,
the state is factorable if there is only one term in the right hand side of Eq. (A2.16). More
quantitatively, the mean number of mode K, also called Schmidt number, characterizes the

amount of entanglement.

1

K= = (A2.17)
n=0 Cn

Thus, K =1 for factorable state whereas K > 1 for entangled states.

Moreover, the decomposition also identifies the time-frequency modal contents of the pho-
ton pairs. If the signal photon is found in a Sy mode, then it is certain that the second photon is
in the I} mode. And the value of c¢,, determines the occupation probability of the corresponding

pair of modes.

b) The Temporal mode framework

The operators éL and TL create a photon exhibiting a spectral profile defined by S, and I, func-
tion, respectively. In the following, we will use the notation S;rc |0) = |Sg) and T}; |0) = |Ix). The

states |Sg) and |I) define two families of orthogonal modes such that:

(SilSj)=3i; (A2.18a)
(Li|1j) =8;; (A2.18b)

These basis are commonly called Temporal mode (TM) basis (such framework is presented
in [40]). Examples of such modes are given in Fig. A2.7. It is important to mention that the
name "temporal mode" can be misleading since such modes correspond to wave-packets with
a broadband temporal and frequency content. Interestingly, this basis can be exploited to en-
code quantum information, as in the case of polarization or orbital angular momentum. The
main advantage is that, theoretically, TM modes basis span an infinite dimensional Hilbert
space (as opposed to the 2 dimensional polarization basis). More realistically, a Qudit with di-
mension d > 2 can be generated. Encoding information in a high-dimensional basis results
in better information capacity per photon as well as increased security in quantum communi-
cation protocols [41, 42]. And as opposed to orbital angular momentum, temporal mode have

the further advantage of being compatible with existing single-mode fiber networks [40].

Parametric sources (FWM as well as SPDC) intrinsically generate quantum states as super-

position of temporal modes pairs (one TM for the signal, and one for the idler) with weighting
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So) ST 1S2)

So(w) L S1() )
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So(®) S1(0) b Sy

v/

o~
~

Fig. A2.7: Examples of the first three eigenstates of a TM basis in the frequency domain (top) and time
domain (bottom) for the signal. The idler photon is described by the same type of modes. Figure from
[40]. Note that the signal and idler modes do not necessarily have the same spectral/temporal width.

coefficients c;,:

[Wpair) = (v ST+ Ve 81 +...+ e S} T +...)10,0) (A2.19a)
= \/C_() |So,10> + \/C_l |Sl,11> +..+ \/a |Snrln> + ... (A2.19b)

A typical example of TM decomposition obtained in a non-engineered medium is shown in Fig.

A2.8 (note that the colormap is different due to the presence of negative values).

s .
w; \ S, 4}@"%@"'4}...
Wg )

I I -
I 0012345
n

NI & v D & v 1)

(Wpair) E Ve

Fig. A2.8: Left: JSA of a standard FWM source. It is decomposed into its different Schmidt components
(with weighting coefficients c,,). Right: Corresponding Schmidt decomposition. Figure inspired by
[40].

In some specific cases, we will see that this decomposition can be limited so a single TM

pair, as shown in Fig. A2.9.
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$05

4 I 01734
|\Vpair> = Vo /\j\>

Fig. A2.9: JSA of a spectrally engineered source leading to a unique TM pair (= factorable state).

wi . iu%m »
Ws

¢) Purity of signal and idler photon

Such spectral entanglement between the signal and idler photon is essential when consider-
ing the purity of the individual photon [37]. In this section, we will use the density matrix
representation instead of the wavefunction. For instance, if we consider a photon-pair state
of the form: |wpm-r) = [Sp) IIp), the signal and idler subsystems are described by [Sg)and |Ip),
respectively. However, if the photon-pair is in entangled superposition of the form |u! pair) =
co1So) 1) + ¢11S1) I11), the density matrix representation is required to infer the state of either

one of the two subsystems.

Let us describe the photon-pair state by its density matrix:

Opair = |\Vpair> <\|»’pair| (A2.20a)
=Y \Jench 1S ey (Sl Ly (A2.20b)
n,n'

Mathematically, a subsystem of a quantum state is described by tracing out the density matrix
of the full state:

ﬁs/i :Tri/s(f)pair) (A2.21)

where p, describes the subsystem x, Try, is the partial trace over the subsystem x, with x = s or i
for signal and idler, respectively.

Another useful relation is that the purity of a given state described by a density matrix p is
given by [43]:
P = Tr(p?) (A2.22)

If P =1, the state is pure, whereas if P < 1, the state is mixed.

Combining Eq. (A2.21) and Eq. (A2.22), the purity of the signal photon P, and of the idler
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photon P; are given by:
Py = Tr(%,) (A2.23)

Since the photon pair is already written in terms of Schmidt decomposition, the signal and idler

partial trace can be easily deduced:

Ps=)_ cnlSn)(Snl (A2.24a)
n
pi =Y cnlly) dnl (A2.24b)
n
Thus the purity gives:
Ps=P;=) ¢, (A2.25)
n
Such that:
1
Ps=P; = K (A2.26)

The spectral purity of the individual photons of the generated pairs is thus related to the Schmidt
number. Looking at Eq (A2.26), one can see that the higher the mean number of TM modes,
the lower the purity. In other words, if the pair is entangled which, as we have seen, means that
K > 1, then, the single photon state is not pure (P; = P; < 100%) i.e. the photon is in a mixed
state.

Example: As an illustration, let us consider a Bell state of the form |q1) = %(ISO,IO) -

IS1,11)). As a matter of fact, it is already written as a Schmidt decomposition with ¢y = %
and ¢; = —%.

Accordingly, the Schmidt number is K = ﬁ = 2 and the purity of each photons is P =
£ =50 %.

Each of the photon taken individually is in a maximally mixed state (i.e ps = %( 1So) (Sol —

[S1) (S1l )) with 50 % probability of being in the fundamental or the first excited mode.

Let us now illustrate these mathematical notions with the previous example of JSA shown
in Fig. A2.8 and Fig. A2.9. First let us consider the non-engineered case (first row). Looking at
the Schmidt coefficients c;, it can be easily deduced that the state is entangled (the number of
nonzero eigenvalues is more than one). In this example, the mean number is equal to K =2.5

modes, meaning that the single-photon purity would be of P =39 %.

Alternatively, in the engineered case, if the state is factorable with only one eigenvalue ¢y is
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nonzero, then obviously, the mean number of modes is here K = 1 and thus each of the two

photons is in a perfectly pure state P = 100 %.

1

1
0.5
wj \ ﬂo <:> 50.5- <::> Purity = 39%
.05 0

0123 45
n

0.5
K=1
w; . ﬂo (> 08 - {=> Puity = 100%

Fig. A2.10: Two examples of JSA, their corresponding Schmidt decomposition and the associated
purity.

In the following, the conditions that are required to obtain a factorable state are described.

2.3 Group velocity matching

The parametric photons are generally spectrally correlated because the energy conservation
constraint implies some anti-correlation between signal and idler frequencies. Two methods

to obtain spectral factorability of a photon-pair state can be distinguished:
1. Canceling the anticorrelation of « with positive correlation of ¢.
2. Asymptotically reducing the anticorrelation of a

Each of these two strategies adds constraints on the relations between the pump and the medium
properties and more specifically on the group velocities relations between pump, signal and
idler. These two strategies are commonly defined as symmetric and asymmetric group-velocity
matchings (GVM) [34], that we detail in the following.

a) Symmetric group-velocity matching

Firstly, when the medium exhibits the group-velocity relation, 20, = f15+p1;, the angle’ of the
phase matching function is then 6 = 45°. In addition, if the width A¢ = Aa, then the positive

7 Bl”—_E“) (Eq. A2.9b) with By, = %l ol being the inverse group-velocity.

we recall that 0 = —arctan(‘31 by,
14 i
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2.3. Group velocity matching

correlations from ¢ perfectly cancel out anti-correlations from a. The resulting factorable JSA
shapes as a circle (see Fig A2.11). The sidelobes beside the circle result from the rebounds of

the cardinal sine function which tend to slightly decrease the factorability of the state.

SGVM

AN-Z-

Ws/ wz ‘Gb Ws, wz ‘F ws/wz

Fig. A2.11: From left to right: energy conservation function «, absolute value of the phase matching
function ¢ and corresponding factorable joint spectral amplitude (absolute value) in the case of a
symmetric group velocity matching.

This condition is commonly referred as symmetric group-velocity matching as it leads to
the generation of signal and idler photons with equal frequency bandwidths in contrast with

the asymmetric GVM where signal and idler do not play symmetric roles any longer.

b) Asymmetric group-velocity matching

Secondly, when the medium exhibits another particular group-velocity relation, f1, = 15 or
B1p = P1i , the angle of the phase matching function is equals to 6 = 0° or 90°, respectively.
This condition means that the pump has the exact same group velocity as one of the gener-
ated photon. However, such a condition between group velocities is once again insufficient to
obtain a factorable state. In the asymmetric case, A¢p must be much thinner than Aa so that
the JSA becomes an ellipse along either the horizontal or vertical axis (see Fig A2.12). Having
AP << Aq, and 0 = 0° or 90° ensures the asymptotical reduction of the correlation which results
from the energy conservation. Note that in contrast with the symmetric case, the asymmetric

GVM exhibits signal and idler photons with spectral widths being very distinct.

c¢) Applications
In sum, two families are to be distinguished:

- The first one comprises factorable states where the signal and idler photons, being spec-
trally independent, are in a product state. When pumped by a Gaussian spectrum laser,
this state can take the form of three distinct JSA geometry profiles forming a circle or an
ellipse along either the horizontal or the vertical axis, each corresponding to a specific

group-velocity relation between the photon pair and the pump.
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AGVM

X

oc(ws,wi) |(P<CUS; wi)| |F(ws/wi)|

Fig. A2.12: From left to right: energy conservation function o, phase matching function ¢ and corre-
sponding factorable joint spectral amplitude in the case of the two asymmetric group velocity match-

ing.

- The second family of states that can be identified by JSA profiles relates to what is com-
monly referred to as correlated states. In such a scenario signal and idler photons are
spectrally entangled. A representative JSA of such states is shown on the right hand side
panel of Table A2.1. Here, the JSA typically shows a tilted ellipse profile.

Tab. A2.1: Sets of conditions required to obtain either factorable or correlated pair states. Each
set defines i) a relation between medium length and pump bandwidth ii) a relation between the
group-velocities of pump, signal and idler photons which in turn determines the angle 0.

FACTORABLE CORRELATED
SGVM | AGVM -
A = Aa AP << Aa AP << Aa -
2B1p =P1s+P1i B1p =P1s B1p =P B1p <Pis,i

45



2.4. Joint Temporal Amplitude and Phase Correlation

These photon-pair states, being either spectrally factorable or entangled, are all useful in quan-
tum technology applications.

As described previously, the less entangled the photon pair, the purer the two individual pho-
tons. For this reason, factorable states are the backbone for any applications requiring pure
single photons as for instance, heralded single photon source [44, 45, 46], boson sampling [47]
or temporal mode generation and manipulation [40, 48, 49].

Spectrally entangled states can be used for instance for improving the security of quantum key
distribution [50] or for enlarging the information capacity of optical communication channel
[40, 51].

2.4 Joint Temporal Amplitude and Phase Correlation

a) Joint Temporal Amplitude

Spectral and temporal properties are bound by Fourier relation. The joint temporal amplitude

(JTA) is defined as the two-dimensional Fourier transform of the JSA:

Bty 1) = FT[F(ws,ml-)] (A2.27a)

1 , .
= E[f dww;F(ws, w;)e Osteiwil (A2.27b)

The JTA gives the joint probability of detecting a signal photon at time ¢, and an idler pho-
ton at time ;. As for the JSA, any entanglement between the two photons can be infered from
the shape of the JTA.

In this manuscript we mainly focus on the spectral part (i.e. the JSA), because it is more
closely related to what we measure experimentally. However, it is worth keeping in mind that
spectral correlations are associated with their temporal counterparts. If the state is said to be
correlated, signal and idler photon are spectrally and temporally correlated. Alternatively, if
the frequencies of the signal and idler photons are uncorrelated, so are their emission times®.
For concision, in this manuscript we only often refer to "spectral correlations" but obviously, it

would be more suited to use the term "time-frequency correlation".

Figure A2.13 shows three examples of JTA together with their corresponding JSA assuming a
Fourier transform limited pulse. One can see that photons which are anticorrelated in the spec-
tral domain are positively correlated in the time domain. This means that they will tend to be

detected with the same delay with respect to each other. Moreover, looking at the central figure

8that is not to say that the photons are emitted at random times. Each photon is emitted within a time interval
whose duration is on the order of the pump-pulse duration. Beyond that constraint, however, the emission time of
one photon is completely independent of the emission time of its conjugate.
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CHAPTER A2. JOINT SPECTRAL/TEMPORAL AMPLITUDE

of Fig.A2.13, when the frequency of a given photon (here the idler photon) is well-known, then,

the uncertainty of its time of arrival is really large and vice versa as a direct consequence of the

Fourier transform uncertainty relations.

- N

ts

Fig. A2.13: 1st row: Three computed JSA corresponding to a correlated, the AGVM and the SGVM
factorable JSA. 2nd row: associated JTA.

b) Phase correlations

We have seen that the Schmidt decomposition of the JSA allows to infer the degree of spectral
entanglement of the photon-pair. The JSA is a complex function with amplitude and phase. In
general, if the pump is Fourier-transform limited, then the phase of the JSA does not induce
any correlations®. Thus, until now, every time a JSA has been represented, only its absolute
value was taken into consideration. Consequently, we have only discussed the consequences
of spectral amplitude correlations. For instance, if the pulse contains a quadratic spectral phase
(chirp), signal and idler spectra may exhibit strong phase-correlations. It is yet equally impor-

tant to consider the phase-correlations which are also possible in some particular cases.

Let us define a pump with quadratic spectral phase by:

- - . 5
Ep,chirp (w)= Ep (w) et (A2.28)
chirp

Where E p(w) is a Fourier transfom limited pulse.
A chirped pulse has its different spectral components travelling at different velocities. In the

temporal domain, this causes the temporal envelope to be broader than the usual Fourier limit.

. L . L . L
9indeed the usual phase /P2 can be written as a product e! ®@p) =Pz » (iBp =B where signal and
idler are separated (= factorable)
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2.4. Joint Temporal Amplitude and Phase Correlation

The corresponding energy conservation function is:

a0 = B0 +ENL s+ o)) (A2.29)

In the case of a gaussian pump we have:

2

(1)2 w
Ep(w)=e 27 = a(w) =Voe i? (A2.30)
Then for a chirped pump, replacing 62 — o + £ we obtain:

e 1 2w
E,(w) =€ 27 1% 5 () = —————p (A2.31)

\/ é -2ia

In the case of a chirp, while the phase-matching function ¢ remains unchanged, the energy
iamz

conservation function bears an imaginary part and an additional phase term (e~ 2 ) which

adds phase-correlations. Fig A2.14 depicts chirp-related JSA/JTA. As the chirp increases, the
[JSA] remains the same whereas the JTA exhibits more and more entanglement.

To sum up, in the presence of non Fourier transform pulses, if one wants to infer the spectral
correlations it is then required to look at both intensity and phase of the JSA or alternatively
at the intensity of JSA and JTA.

no chirp increasing chirp

0 0

012 3 4 01 2 3 4 o'
n n

01 2 3 4
n

Fig. A2.14: Absolute value of the JSA with its associated JTA and Schmidt decomposition. Going from
left to right, the chirp increases. Starting from a factorable state with no chirp, increasing the amount
of chirp results in a more and more entangled state.
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2.5 The spectral density map

It is also useful to introduce a handy tool called the spectral density map. Such a map is really
useful, especially from an experimental point of view, as it predicts with accuracy the central
position of the signal and idler wavelength that are going to be generated as a function of the

pump wavelength.

In order to compute the wavelengths satisfying energy conservation and phase-matching
as a function of pump wavelength, the general equation of the JSA (Eq. (A1.41)) has to be inte-
grated:

o0
|Wpair) :Kff dwsdmidwplES’l)(wpl)E;rz) (s +0; — 0p1) (A2.32)
0

IAB(Wp1,Wy,0;

L
sinc(Aﬁ(wpl,ws,wi)E) e )% oy, 07)

However, in the general case such a map is 3 dimensional (depending on w,, ws and w;) and is

therefore not straightforward to represent graphically.

The spectral density map (SDM) is a two dimensional approximated solution. It assumes a
strict energy conservation 2wpo — ws — ®; = 0 where w0 is the pump central frequency. Under

such an approximation, a photon-pair state can be (see Annexe I) simplified to:
. L
|Wpair) = Kf dw, dwssmc((Zﬁ(wP) —Bws) - PRw, - ws))g) |ws, 20, — 0g) (A2.33)
which defines the spectral density map function:
. L
SDM(®, Aw) = sinc(@B(wy) — Bw) + Aw) - B(w) - Aw)) 5) (A2.34)
where Aw = wp —w; = W; —Wp.
Assuming 2w yo—w;—w; = 0 is a simplified way to incorporate the energy conservation con-
dition, however, it does not take into account the shape and the width of the pump spectrum.
In other words, it assimilates the pump spectrum to a Dirac function 8(w — wpo). Therefore,

the SDM corresponds to the combination (ws, w;) that fulfils energy and momentum conser-

vations when considering a monochromatic pump at frequency 0.

The SDM usually exhibits two different behaviour depending on the relative signs and mag-
nitude of the even derivative of f(w) [19]. Indeed, a Taylor expansion of the phase-mismatch
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2.5. The spectral density map

around w, gives:

AB(wp, Aw) =2 (wp) —Pwp — Aw) —P(wy + Aw) (A2.35a)
+00 (Aw)Zm
=~ -2 mzz‘,l WﬁZm((Up) (A2.35b)

with B, = 5B

Which, in most fiber can often!? be approximated by its first order:
AB(wp, Aw) = —(Aw)?Bs (wp) (A2.35¢)

The sign of 2, or more precisely the sign of D(A) = —%ﬁz(w) commonly defines the nor-
mal (D<0) and anomalous (D>0) dispersion regime. Moreover, the zero-dispersion wavelength

is by definition the wavelength for which D(Azpw) = 0.

As illustrated in Figure A2.15 showing the |SDM(w,, Aw)|? of the fiber presented in Part
B, two different phase-matching are generally possible. On the one hand, there exist phase-
matching solutions where the photon-pairs are generated around the pump wavelength in a
broadband spectrum“. This defines the modulational instability regime (MI). On the other
hand, photon-pairs well separated from the pump wavelength can also be generated. This
defines four-wave mixing.

In this manuscript, we always work with four-wave mixing because the large wavelength
separation between the signal/idler photon and the pump greatly facilitates their filtering from
the pump. In the example of the fiber presented in Fig. A2.15, the FWM occurs in the anoma-

lous regime.

0pote that for the specific case of the fiber presented in Fig. A2.15, it is required to take into account a higher

)
order AB(wp, Aw) = —(Aw)? (ﬁz(wp) + A%ﬁuwp)]

Heventually, in the presence of strong self-phase modulation, it is possible to generate signal and idler whose
frequencies are not overlapping with the pump spectrum [26]. However, such a high gain regime requirement is

generally not compatible with photon pair generation.
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150
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1500 1520 1540 16860 1580 1600
Ap [nm]

Fig. A2.15: Computed squared modulus of the spectral density map of the PBG-HCPCF from part B.
MI: modutional instability, FWM: four-wave mixing, ZDW: zero-dispersion wavelength.
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Chapter A3

Avoiding Raman scattering

3.1 Descriptionof Ramanscattering . . . . . . ..o v vt ittt 52
3.2 Possible Solutions. . . . .. e ittt e i e i e e i, D6

Fiber-based sources are an attractive tool for photon pair generation. They can exhibit very
low absorption (~ dB/km), strong confinement over long distance and high nonlinearities ac-
cording to the chosen glass (7, from 10~2°m?/W in silica to 10~'“m?/W in chalcogenide). More-

over, they are easily manufacturable and integrable into optical networks.

However, the major intrinsic issue of standard fiber-based photon pair sources! is the Raman-
scattering noise [10, 12, 13, 52] which can occur simultaneously with FWM, producing photons
at signal and idler wavelengths and plaguing the quality of the fibered photon-pair source.
This chapter describes the nonlinear process of Raman-scattering and it spectral properties
depending on the medium (amorphous, crystal, liquid, gas). A state of the art of the solutions

that have been investigated to address this issue is presented in the second section.

3.1 Description of Raman scattering

Third order nonlinear processes can be classified into two categories:

¢ elastic processes in which the optical state bears the same energy before and after the
process. In other words, energy is conserved, there is no energy transfer between light
and the nonlinear medium. These processes such as four-wave mixing or third harmonic

generation are the ones we consider in our theoretical development in chapter Al .

* inelastic processes where, conversely, energy exchange between the optical beam and

the medium does take place. In optical fibers, it mainly includes Raman-scattering?

! fiber whose core is made of silica (i.e. conventional optical fiber and solid-core photonic crystal fiber)
2 Brillouin scattering is another inelastic process that can occur in fiber however in the regime of femtosecond
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CHAPTER A3. AVOIDING RAMAN SCATTERING

a) A molecular response

Fundamentally, Raman-scattering is a response from the molecules constituting the medium.
In the presence of the optical field E, () = Eg cos(u) p t), each molecule becomes polarized and

induces a dipole moment p().
p(t) =a(E, (1) (A3.1)
The medium polarization is approximately [30]:
P(t) =Np(1) (A3.2)

with N being the volumetric molecules density.

Let us first consider the simple case of a material made up of diatomic molecules. It is
assumed that the molecular polarizability depends on the internuclear distance r (), according

to the equation3:
oa
a(f) =g+ —| (r(¥)—ro) (A3.3)
orlr

where o and ry are the polarizability and the internuclear distance at equilibrium, respectively.

Each molecule can be described as a harmonic oscillator with a resonance frequency wy.
r(t) =ryg+rycos(wyil) (A3.4)

Injecting, Eq. (A3.3) into Eq. (A3.1) we obtain:

p(1) = agEgcos(wp 1) + rVTEO(cos((wp —wy)t) +cos((w, +wy) t))g—(:
o

(A3.5)

This simplified calculation shows that, when subject to a field at w, the molecular dipoles
radiate two additional fields at w, — wy and w, + wy. The created up- and down-converted
fields are referred to as the anti-Stokes (was = wp + wy) and Stokes (ws = w), — wy), respectively.
In terms of energy, the Stokes scattering can be described as the conversion of a pump photon
with frequency w, into a Stokes photon of lower frequency ws and a phonon of frequency wy.
Similarly, the anti-Stokes Scattering can be viewed as the annihilation of a pump photon and a

phonon, creating an anti-Stokes photon with higher frequency (see Fig. A3.1).

Once the Raman Stokes or Anti-Stokes photon is created, its presence can stimulate another

and picosecond pulses it has generally negligible consequences as opposed to Raman-scattering.
3see p. 458 from [30]
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3.1. Description of Raman scattering

WAS = Wp + Wy

Fig. A3.1: Energy level diagrams describing Raman Stokes (left) and anti-Stokes scattering (right).
Straight and curved arrows correspond to photon and phonon frequencies, respectively.

identical process. This self-stimulation Raman process can cascade resulting in the generation
of large number of coherent identical Raman scattered photons .

Figure A3.2 depicts the Raman-scattering process. At equilibrium, Stokes scattering tends to be
much stronger than anti-Stokes since the phonon population in the excited state is smaller (by

5 _ hoy
an amount’ocx e kT ).

Diatomic medium

w p ws

—_— f’%%mof.ﬁwp

— (U A G
((}I- (Ul,

+—ra—>
, — L
Wp Wg Wp WAs -

Fig. A3.2: Illustration of the Raman-scattering process in a medium composed of identical diatomic
molecules

b) Raman scattering in different medium

Describing a medium as a combination of independent molecules is quite legitimate when
considering dilute media. In gaseous and liquid media, the molecules move relatively freely
and do not interact much with one another. As a consequence, the Raman spectra of liquids
and gas consist of thin lines as a result of quantization of molecule vibrational states [54]. It is

noteworthy that noble gases (neon, argon, xenon, etc.), as a result of the monoatomic form of

4reference [53] provides an insightful description of how spontaneous Raman-scattering, which is an intrinsically
quantum mechanical process, results in a coherent beam of Raman-scattered photons.
5 the phonon population at E = fiwy is given by the Bose Einstein statistic Nphonons (1) =

hoy
e kT —1
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CHAPTER A3. AVOIDING RAMAN SCATTERING

their molecules, are completely devoid of Raman-scattering.

In a solid medium, the situation is somewhat different as atoms are at fixed positions and
have strong interactions with their neighbors. The individual atoms, being linked to one an-
other, are "frozen" at their positions which gives rise to lattice vibrations instead of individual
molecule vibration. In contrast to a molecule, a lattice has an infinite number of vibrational
degrees of freedom [54]. The allowed vibrational states solely depend on the symmetry of the
lattice. In a crystal, due to its high symmetry, only a narrow range of lattice vibrational states
is possible which results in thin lines Raman spectra. Inversely, the lack of symmetry in amor-
phous material allows a large range of lattice excitations, resulting in a broadband Raman spec-

trum.

Figure A3.4 shows the Raman-scattering spectrum in different medias as a function of the
distance from the pump wavelength in cm™!: I)\ip - %I. It describes both Stokes and Anti-Stokes
spectra which are identical (with difference in intensity though). For the Stokes, one simply
considers A > A, whereas for the Anti-Stokes A <A,.

Therefore, in standard fiber medium, due to the amorphous nature of silica, the Raman-
scattering is broadband (see Fig. A3.3). This can be very useful for realizing broadband ampli-
fiers [55], but quite deleterious for quantum optics applications such as photon pair genera-
tion. Indeed, the Raman spectrum covers all the frequencies around the pump and will overlap
with signal and idler frequencies [56, 57], and therefore deteriorate the quality of the source.
Using another glass (chalcogenide, tellurite, fluoride, etc.) does not solve the problem since all

amorphous materials exhibit broad Raman spectra [20, 21].

Wy Wy
Diatomic ——>
medium /\
wp Wws Wp WAs
Silica
—_—
Wp Wg Wp WAs

Fig. A3.3: Comparison of Raman-scattering effects in a perfect diatomic medium and in silica. The
intensities are arbitrary.
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Air Liquid
N2 .
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Fig. A3.4: Raman-scattering spectrum of Air [58], of a given liquid (perfluorotripropylamine) [59],
of silicon as well as in silica [60] showing very different behaviours. Note that the intensities are not

normalized one to another.

3.2 Possible Solutions

Several solutions exist to avoid or reduce Raman-scattering noise.

One solution is to generate the photon pair with a large spectral separation from the pump.
Looking at the Raman spectra of silica (Fig. A3.4), one can observe that the noise is mostly
concentrated in the 0 - 500 cm ™}, above this region, the Raman noise is less detrimental. This
approach has been mostly investigated in PCF [61, 13, 14, 62] since the versatility of its design
allows to favour the generation of photon-pairs with a large detuning from the pump wave-
length. However, higher order Raman-scattering processes still corrupt the parametric process,
as described in [13, 63, 64]. This results from a multiphonon interaction, in which the pump
creates cascading Stokes and Anti-Stokes fields, spreading the Raman-scattering noise to an

even larger separation from the pump.

Another investigated solution is to cool down the fiber to cryogenic temperature. At ~ 77 K
(65,4, 66,67, 68,69],4K[7] or even 2 K [70], the efficiency of the spontaneous Raman-scattering
is highly reduced. The main drawback of this approach is that it adds a layer of experimental

difficulty, making it less practical for applications and limited in terms of integration.
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CHAPTER A3. AVOIDING RAMAN SCATTERING

Finally an ultimate solution to avoid the broadband Raman-scattering is to use a fiber
whose core is not made of silica. Our approach consists in using hollow-core photonic crys-
tal fiber (HCPCF) which guide light through the medium filling its core, whatever it can be,
either a liquid or a gas. The discrete line Raman spectrum intrinsic to liquid or gas media are
interesting to solve the issue of Raman contamination at signal and idler wavelength. Indeed,
since the noise is concentrated in narrow lines or completely absent (noble gas), the spectral
range of FWM parametric photons can be chosen to avoid the overlap with the Raman noise,
in order to produce Raman-free photon pairs. This is what we demonstrate in chapter C3.

Table 22 presents an overview of the reported hollow-core sources.

In the following, two hollow-core fiber sources are presented in the manuscript, based on

two different guidance mechanisms and fillings:

1. aliquid filled hollow-core fiber source presented in Part B. The guidance mechanism of
this fiber relies on photonic bandgap (PBG) presented in the next chapter.

2. a gas-filled hollow-core fiber source presented in Part C, relying on another guidance
mechanism, namely, inhibited coupling (IC). The description of this guidance mecha-

nism and of its distinctive features compared to PBG is performed in section C.1.2.

Tab. A3.1: Hollow-core sources

Guidance Filling Non-linear Ag, A P Aj Raman Correlation
mechanism fluid process [nm] scattering engineering Regime Refs
As =857
PBG Liquid FWM Ap =885 Limited No Photon-pair [25]
(Acetone-d6) A; =916
As =1540
PBG Liquid FWM Ap =1550 Limited No Classical This Work
(FC3283) A; =1560 (Part B)
As =697
IC Noble Gas MI Ap =800 Absence Yes Squeezed vacuum [26, 27]
(Argon) A; =937
As =770
IC Noble Gas FWM Ap=1030  Absence Yes Photon-pair This Work
(Xenon) A; =1570 (Part C)
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Liquid-filled PBG Fiber: Toward
Telecom Raman-free photon pair

source
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Part B of the manuscript is devoted to a study on the use of liquid-filled photonic bandgap
HCPCEF for Raman-free photon-pair generation at telecom wavelenght. Several combinations of
liquids and fibers are investigated through experimental characterizations as well as simulations
and the results are described in the first chapter. As a result of this investigation, a fiber/liquid
combination compatible with the generation of photon-pairs in the C-band is identified. The
second chapter describes how the Raman-scattering can be avoided in such a fiber and the ex-

perimental setup that has been built toward the detection of Raman-free photon-pairs.

This work is done in close colaboration with P Delaye and his PhD student T. Harlé, whose
team has demonstrated the first (and only to our knowledge) hollow-core photon pair source in

the near-IR [25, 29].

Chapter B1: Design of the Liquid-filled PBG-HCPCF

Chapter B2: Toward Raman-free four-wave mixing
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Chapter Bl

Design of the Liquid-filled PBG-HCPCF

1.1 Guidance mechanism of Photonic Bandgap Fiber (PBG) . . . . ......... 62
1.2 Finding the right Fiber/Liquid combination .................... 65
1.3 Experimental Linear Characterization ....................... 71
1.4 Experimental Nonlinear Characterization ..................... 75
1.5 JointSpectralAmplitude . . . . . . . ... i it e e e 79

The first section of this chapter describes in details the guiding mechanisms of the fibers
we use. Then, an investigation is performed to find a suitable combination of fiber design and
choice of liquid compatible with a four-wave mixing at telecom wavelength. More specifically,
a numerical study of the strong links between fiber and liquid parameters leads our study to
three fiber/liquid combinations. Sections 3 and 4 are devoted to the experimental character-
ization of these combinations, where both dispersion and nonlinearity are measured. Finally

the expected joint spectral amplitude of the source is discussed in the last section.

1.1 Guidance mechanism of Photonic Bandgap Fiber (PBG)

The standard total internal reflection (TIR) guidance mechanism is based on a refractive index
mismatch between the core and the cladding, the former being higher than the latter. There-
fore, TIR configuration is not compatible with a guidance within a hollow-core as it would re-
quire a refractive index for the cladding to be less than one which is generally not possible with
natural material.

In the 1990’s, P. Russell [71] proposed a novel idea which consists in trapping light in a defect
of an elongated 2D photonic crystal (see Fig. B1.1). This defect forms the core of the fibre,
while the lattice forms the cladding. This discovery quickly led to many new developments and
fiber designs, such as the first kind of hollow-core fiber: the hollow-core photonic bandgap
fiber (PBG-HCPCF). The existence of the other type of hollow-core fiber, relying on inhibited
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coupling, was later demonstrated by E Benabid in 2002 [72, 73]. (Part C is devoted to our inves-
tigation of inhibited coupling hollow core fiber).

2D Photonic Crystal Defect Photonic Bandgap Fiber

il

i

ce e ses

1l

:.-.-.;:,

£

Fig. B1.1: Basic principle of photonic bandgap fiber. Top Solid-core PBG. Bottom: Hollow-core PBG.

a) The Bandgap

The light whose wavelength is of the same order of magnitude as the periodicity of a 2D pho-
tonic crystal cannot propagate in the lattice. Such forbidden wavelength range is commonly
refered to as a bandgap in analogy with the density of electronic states of semi-conductors in
condensed matter physics! [75]. Thus, the first characteristic of a PBG guidance is the existence
of a spectral range void of cladding modes (i.e. modes localised in the photonic crystal). For
the specific case of the hollow-core guidance mechanism where light is trapped in air/vacuum,

itis further required that such bandgap lies below the light line of air [23, 75] defined by neg =1
_ Blwe
).

T ow

(with neg
In Figure B1.2, a computed density of allowed photonic states of an infinite triangular lattice is
shown as a function of effective index and normalized frequency kA. Here k is the wavenumber
and A is the photonic structure pitch. The top left hand side inset shows the lattice pattern and
defines the apex and the strut. The bandgap of the 2D crystal is the white area corresponding
to a zero density of states. It is bound by three different types of cladding modes illustrated by
the mode profiles (Fig. B1.2.b-d) [76]:

¢ left edge modes localised in the apexes of the 2D crystal

! the photonic tight-binding model [74] gives an intuitive relation between crystals in condensed matter physics
and in photonics. Tranposing from condensed matter to photonics, the atoms are replaced by waveguide (one
rod), the inter-atomic distance by the pitch A, and the energy levels by the propagation constant. Thus when the
waveguides are close enough, the optical fields in the waveguide start overlaping, inducing bands of allowed states
separated by bandgap.
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* right edge modes localised in the struts

* low edge modes formed by air localised modes

(3)1.04_ =7/~ Apex /,

1.00 1

0.98 -

Effective Index

0.96 -

20
Normalized Frequency kA

Fig. B1.2: (a) Density of photonic states for an infinite cladding structure only (no core) whose lattice

pattern is illustrated in the top-left inset. White represents zero density, and black maximum density.

Hence, the photonic bandgap (PBG) is the region where light is forbidden in the cladding. Above and

below the bandgap, light couples into the cladding. (b)-(d) Mode profiles calculated at the bandgap
edge at the positions indicated in the left plot. Reproduced with permission from [77].

b) The Core/Defect

Then, if a suitable defect, able to support modes in this PBG region, is created in the cladding,
light can be confined therein. For instance such defect can be obtained by omitting several unit
cells of material from the cladding. An intuitive image is that the light, present in the core, is

reflected whenever it encounters the 2D Bragg structure constituting the cladding.

Figure B1.3 shows a zoom of the density of states when adding a defect in the 2D photonic
crystal, resulting in a core mode whithin the bandgap. Note that the modal content of "core
modes" mainly depends on the size of the defect. The larger the core, the more multimode it

becomes [23].

c) Aversatile platform for nonlinear optic

Interestingly, in such a waveguide, the optical properties depend on the core and cladding ge-
ometries (pitch of the lattice, symmetries, etc). For instance, since the pitch governs the wave-
lengths which are forbidden in the cladding, the position of the transmission band of the fiber

can be tailored by controlling this geometrical parameter.
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DNeff
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Fig. B1.3: Left: Density of photonic states for the cladding structure (grey) and core (yellow). The
core mode is an illustration and do not corresponds to actual computed data. Right: vertical slice at

kA ~16

Moreover, thanks to the PBG guiding mechanism, the core is not restricted anymore to have
a higher index than the cladding. Consequently, PCF have allowed the emergence of hollow-
core PCE in which light is guided through air or vacuum. HCPCF can also be filled with a liquid
or a gas in order to micro-confine together light and fluids within small modal areas and over
interaction lengths that can reach up to kilometres with low optical losses (~ 10 —300 dB/km).
Thanks to this ability HCPCFs are an exceptional tool for light and fluid-phase interactions.

In addition to the choice of HCPCF geometrical design, the choice of the fluid further in-
creases the versatility with the possibilities of tailoring both optical nonlinearity and dispersion

[75, 78].

Fig. B1.4: Cross section of a. SMF fiber (TIR) b. silica core photonic bandgap PCF c. hollow core
photonic bandgap PCF d. hollow core inhibited coupling PCF (kagome fiber).

1.2 Finding the right Fiber/Liquid combination

We want the photon pair source to operate around the telecom wavelength of 1.55 um. To
satisfy this requirement we have to select a combination of fiber geometry and liquid refractive
index and dispersion. Moreover, the liquid is chosen such that it exhibits low absorption in
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1.2. Finding the right Fiber/Liquid combination

the IR, non toxicity and a relatively low viscosity (1 mPA.s) to minimize the fiber filling process

duration.

a) Aliquid-filled fiber

Prior to detailing the parameters of fiber and liquid, let us briefly describe what part of the fiber
is filled and how. The fiber can be filled with the liquid either fully or selectively. A selective
filling, with certain holes (either the core or holes in the cladding) being empty or filled with
different liquids, is particularly useful for sensing applications [79, 80, 81].

In the context of this work we investigate fully filled fiber -whose core and cladding are both
filled with the same liquid. Such a configuration has the advantage of being much easier to
handle experimentally. In practice, the filling is achieved through capillarity by placing both
ends of the fiber in liquid tanks. After typically less than one hour, a one meter long fiber is
entirely filled. Obviously, the duration of the process depends on many parameters such as
fiber length, fiber radius, applied pressure and the viscosity of the liquid. For the sake of this
work, liquids with relatively low viscosity (1 mPa.s) are favoured in order to limit the fiber-filling

process duration.

| I

—_— b1

Liquid Fiber Liquid

i

Fiber cross-section

Fig. B1.5: Schematic of the Liquid-filled photonic crystal fiber. The black area of the fiber cross-
section is filled with liquid. The two sealed liquid tanks have windows for light injection and collec-
tion.

b) Shift of the transmission

The first element to consider is the transmission window. In a fully filled fiber, the photonic
band gap guiding property is conserved, but the transmission band is shifted toward lower
wavelengths as a consequence of the reduced index contrast between the glass part and the
filled holes. As a matter of fact, the transmission properties of PBG fibers are described by an
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invariant quantity v such that [82, 83]:

VZ:(ZT[A)Z(nZ.—ni) (B1.1)

where A is the cladding pitch, ng; the index of the glass, n, the index of the filling medium des-
ignated by x and Ay is a characteristic wavelength of the filled fiber (band edge, zero dispersion

wavelength, ...).

Therefore, considering a fiber with a given pitch A, we can deduce the relation describing
the shift of the transmission towards lower wavelengths when the fiber is filled with a liquid of

index Niiquid-

)\filled :)\empty (B1.2)

Hence the empty PCF transmission range must be centered well beyond 1.55 pm, so that once
filled, it is blue-shifted in the telecom range. Two commercial fibers (NKT Photonics) with
transmission bands centered around 2.3 um (Fiber A) and 2 um (Fiber B) were therefore cho-

Sen.

Fig. B1.6: SEM image of the HC2300 fiber.

Second, based on Eq. (B1.2), since we have A¢y,pry = 2—2.3 um, the refractive index of the liquid
should be set around ~ 1.2 to shift the transmission window to the telecom band (see Fig. B1.7).
Fluorocarbon liquids can be used as they also satisfy the requirements of a low absorption®
and non-toxicity. Three different liquids have then been selected (FC72, FC75 and FC3283)
with refractive indices of 1.25, 1.27 and 1.28 respectively [85]. We use the 3M references FCxxx
to designate the fluorocarbon liquids. The Raman-scattering spectra are given in Figure B1.8.
Since they are related organic compounds, the three liquids exhibit similar Raman spectra with

several discrete lines, the main one around 750 cm™.

2in particular, they do not have C-H bounds which exhibit vibrational absorption in the Near-IR [84]
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Fig. B1.7: Top: Selected fluorocarbon liquids. Bottom: Ratio between a characteristic wavelength for
a filled fiber and for an empty fiber as a function of the liquid index.

[ [a.u]

756 cm™

200

400

T
&00

T Y
ROO 1000

FC72

1200 cm™1

H 750 em’’

I [a.u]

)

100 500
FC3283

cm™?

A
1000

Fig. B1.8: Raman-scattering spectra of FC72 and FC3283 [86].
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After identifying a liquid filled fiber with a transmission window in the telecom range, the
next step is to check whether fiber dispersion is satisfying the required conditions to generate
photon pairs when pumped with a telecom C-band pump laser. As described in section A.2.1,
a photon pair (wy, w;) can be generated only if both ws +w; = 2w, and f(ws) +P(w;) = 2p(w,)
are fulfilled. Therefore, if we want to check whether photon pairs can be generated with A, ~
1550 nm, we need to have access to the fiber dispersion p(w). To do so, we investigate the
dispersion of the aforementioned combinations of fibers and liquids, both numerically and

experimentally.

c¢) Numerical simulation (FDFD)

We use finite difference frequency domain (FDFD) simulations [87] to compute the electro-
magnetic guided modes. Based on an image of the fiber geometry, FDFD simulation retrieves
the dispersion of all the propagating modes. In our simulation, we feed the program with a gen-
erated reconstructed fiber geometry whose parameters are directly extracted from SEM images
of the fiber cross section. Figure B1.9 shows an example of comparison between an SEM image
and its numerical reconstruction obtained with our simulation. As shown in [88], it is important
that the model takes into account the distortions around the core (parameter dp, dcp, tp, ty,) for
accuracy reasons. Indeed, the pentagons and hexagons around the core are slightly different
from the rest of the cladding. Note that an alternative would be to directly feed the FDFD simu-
lation with binarized SEM image of fiber cross sections. While such a strategy has the advantage

of easier implementation, it does not allow to tune the geometrical parameter individually.

Simulation SEM Image

A 513 um
d 15 um

d: 28 um
dep 0.6 um
dep, 1.8 um

t  195nm
tp  195nm
t; 130 nm

Fig. B1.9: Scanning electron microscope image of the microstructured region of fiber A (right part of
the image) and the reconstructed geometry used for the simulation (left part), with the reconstruction
parameters in the table : pitch A , core diameter d, diameter of the round corners of the cladding
hexagons d., diameters of the cladding pentagons d.,, and hexagons d.j, neighboring the fiber core,
cladding thickness t and cladding thickness around the fiber core t,, and ty,.

The results of simulations for three fibers and liquid combinations are shown in figure
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1.2. Finding the right Fiber/Liquid combination

B1.10. The simulation parameters are directly extracted from the SEM image. We plot a relative
refractive index, subtracting n,q4, (index value at the zero-dispersion wavelength), to allow for
an easier comparison. Compared to the equation giving the spectral shift caused by the filling
(Eq. (B1.2)), the simulation gives a more precise and comprehensive description. In particular

the position of the zero-dispersion wavelength can be inferred.
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Fig. B1.10: Computed effective index of the fundamental mode with FDFD simulation as a function
of wavelength showing the dispersion of different liquid/fiber combinations. Note that the subtracted
N4y has a different value for each curve.

The dispersion curves for both empty and filled fibers exhibit a tilted "S shape" due to the
photonic bandgap. In fact, as we have seen previously (see section B.1.1), in the bandgap re-
gion light is confined within the core such that the fundamental mode dispersion is evolving
slowly whereas below and above this bandgap, the mode starts to leak in the cladding (either in
apex or strut mode, see Fig. B1.2), which is a highly dispersive region. Thus, in overall, the fun-
damental mode exhibits a slow evolution wavelength range sandwiched between two ranges

where it couples to dispersive cladding modes [77].

The ZDW is the reference wavelength around which the phase matching condition can be
satisfied. Therefore, with a ZDW close to 1.55 um (Fig. B1.10), fiber A filled with FC3283
(perfluorotripropylamine, Cy9F,;N) with a refractive index of 1.28 is the best candidate for

photon pair generation in the C-band according to the FDFD simulations.

To confirm these predictions, we experimentally characterize the LF-HCPCF dispersion us-

ing an "in house" Optical Low-Coherence Interferometry (OLCI) setup.
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1.3 Experimental Linear Characterization

a) Optical Low-Coherence Interferometry

This technique allows measuring precisely the group velocity (vg i = ﬁ) of the different prop-
agating modes indexed by the k subscript (transverse spatial modes, polarization modes, etc)
[89]. Basically it is a Michelson interferometer illuminated by a broadband source where the
device under test (i.e. the hollow-core fiber) is inserted in one of the two arms (the sample
arm) with a translating mirror in the other one (the reference arm).

Starting from an initialized calibrated position where the interferometer paths are equal, we in-
sert the fiber in the setup, hence, adding an optical path of AL, = (1— ﬁ)Lﬁber = (1—cP1,k)Lfber
in the sample arm which unbalances the interferometer. The quantity vg ; can be deduced
from the measurement AL, by which the reference arm optical path must be changed in order

to rebalance the interferometer.

Coherent reflectometer Low coherence interferometer
Sampled acquisition Measurements

- Hollow-core
Colllma’mj

s

Translating mirror (~1 m)

Polarizatio
controler
F'e

C&L band
ASE Source

|:| :] E ] Iljné(ts:c?:r [ ]
: |
\ ADC | N*f Ck DAQ Slgna]-

ADC : Analog/Digital Converter
DAQ : Data acquisition device

Fig. B1.11: Optical low-coherence interferometry experimental setup [89]. The blue interferometer
illuminated with the white source contains the hollow-core fiber. The red interferometer illuminated
by a HeNe laser allows a precise measurement of the mirror displacement through interference fringes
counting.

By translating the mirror along its whole range, we acquire a global interferogram which
gives the group velocities of the different modes. Figure B1.12.a shows an example of recorded
interferogram for a one meter fiber as a function of the relative group delay GD = GDg + Lgper P1
where GDy is an unknown constant depending on the initial position of the stage. Although
light is injected in the LPO1 mode, we can see on the interferogram that we also detect the pres-

ence of several higher order modes which could be either LP,, modes or modes propagating in
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the cladding. The fundamental mode is easily identifiable as it is the most intense and the one
with the lowest group delay. The difference between the group delay of two given modes gives

the relative group velocity difference®.

More importantly, with such a setup we can infer the wavelength dependence of the inverse
group-velocity f; (A). One way would be to pump the interferometer with a tunable narrow
spectrum laser and to record interferograms for each frequency. In our setup, we use an al-
ternative solution which consists in recording only one interferogram pumped by a broadband
source covering C+L band (1526 - 1605 nm) and performing a numerical Fourier analysis*. With
this method, the f; x(A) of the different modes can be inferred individually as long as they do
not overlap in the interferogram. Figure B1.12.b. shows the resulting 2D map after comput-
ing the Fourier analysis. The lowest red curve gives the dispersion of the fundamental mode.
The other curves correspond to the dispersion of higher order modes which are often grouped
in families. That is why there are several closely spaced red curves (a family of modes). For
instance, the two LP;; modes with horizontal and vertical polarizations tend to have close dis-
persion whereas the LPyg has a very different dispersion. In our case we are only interested in

the fundamental mode.

-140 -100 -60 -20 dB
06 200
LP01 - ’
04 . = -
Higher order modes |
—_ Y .
7 oz ! v L Higher order
— r 1 o,
B vy + g 4 g
R - - |:> B 1005 - e T 2 modes
s v .
£ a2 ki
U —
B - P
04 A
06 1 1 L 1 1 1 1
0 20 ® 4 0 & 710 @ 0 10 b 1540 1550 1560 1570 1580 1590
d. Relative group delay [ps] . Wavelength [nm]

Fig. B1.12: a. Experimental interferogram of Fiber A filled with FC3283. b. Corresponding mode
mapping obtained by computing the Fourier analysis of the interferogram. Each column at Aj, cor-
responds to an interferogram that would be obtained with a continuous laser center at such given

frequency.

3 for instance we can see on the interferogram that GDppg; ~ 13 ps and GDyom ~ 50 ps, therefore B 1po; —

37
P1,HOM =~ T- =37 ps/m
4 the Fourier analysis consists of fourier transform and a sweeping numeric filter around a 2nm width window.

More details in [89]
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b) Dispersion of the fundamental mode

The dispersion of the fundamental mode (LPO01) is extracted by fitting the lowest red curve in
the mode mapping of Fig. B1.12.b.. The measured inverse group-velocity 1,1po1(A) = ?ﬁ)l::)
is shown in Figure B1.13.a and compared with the result of the FDFD simulation. The simu-

lated curve is in good agreement with the measured group velocity dispersion. The index of

the liquid is the only parameter that has been slightly adjusted. Instead of 1.281 (measured
in the visible range) [85], we use the value 1.283. This adjustment only shifts the simulation

curve without affecting its shape. Moreover, from the knowledge of 3; 1po1 (A), one can infer the

2nc by

group-velocity dispersion (Drpo1 = —57 3,) and thus the ZDW as shown in Figure B1.13.b.

a. 430110 : b. — 4
=  Simulation S
e
Measurement ~
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— .9
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Fig. B1.13: a. Inverse group velocity of the fundamental mode (i) measured with OLCI (Blue dots) (ii)
calculated with the FDFD simulation (green squares). b. Chromatic dispersion of the fundamental
mode inferred by fitting the measure 31. The measured ZDW is 1552 nm + 3nm.

The parameters of the polynomial fit of Fig.B1.13 are summarized at the end of the chapter,
in Table B1.2.

The different fiber/liquid combinations have been characterized. The results are summa-
rized in Table B1.1. The limited precision in fiber parameter extraction and the uncertainty on
the exact refractive index value of the liquid at telecom wavelength contribute to an error on
the absolute position of the ZDW. We can estimate an upper bound of £30nm to this error that

mostly corresponds to a global shift of the group velocity dispersion curve with no impact on

the curvature.

With aZDW at 1552 nm, the OLCI measurements confirm that the couple FiberA + FC3283
is the best-suited for photon pair generation with a pump in the C-band (1530-1565). The
fiber A+FC72 (1460-1530) and fiber B+FC75 (1565-1625) would rather require a pump in the
S- and L-band, respectively.
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Tab. B1.1: OLCI results for the different fiber/liquid combinations. The 3M references FCxxx
have been used for the fluorocarbon liquids. Aempty is given in the specifications of the com-
mercial fibers giving only an approximate idea of the position of the transmission band (cf NKT
reference) whereas Agjieq, zpw has been measured. The configuration of Ref. [25] is also included
for comparison.

Fiber Aempty Liquid Niiquid Afilled, ZDW
[nm] [nm]
A (HC2300) 2300 FC3283 1.28 1552
A (HC2300) 2300 FC75 1.27 1592
B (HC2000) 2000 FC72 1.25 ~ 1510
[25] (HC1550PM) 1550 | Acetone d6 1.36 896

c) Surface mode

As described, the mode mapping allows to unravel the dispersion of each mode individually.
This technique can also be useful to highlight coupling between different guided modes. A
common issue with hollow-core PBG fiber is the presence of surface modes (SM) [90]. SM are
a second type of core mode which are confined within the silica struts region surrounding the
core. Because they mostly lie in silica, their dispersion is much higher than the fundamental
mode dispersion. Thus, if a surface mode exists within the bandgap, its high dispersion may
cross the one of the fundamental mode which is rather flat as we have seen in Fig. B1.10. More
specifically, the two modes anti-cross and couple to each other. The result is a hybrid mode
which is combination of the fundamental mode and a surface mode (see Fig. B1.14). Such an
hybrid mode has higher overlap with the silica structure than the fundamental mode, induc-
ing higher loss, dispersion and Raman noise. We are therefore especially interested in trying to

avoid surface mode coupling.

The left hand side of figure B1.14 shows the interferogram of the fiber/liquid combination
(FiberA + FC75) that we have chosen to show a coupling between the fundamental mode and
a higher dispersion mode which could be a surface mode. At the wavelength for which the two
modes cross on the mode mapping (left hand side), we can see a dip in the dispersion of the

fundamental mode (right hand side). This is a signature of a coupling with a higher order mode.
We have checked experimentally that the selected fiber-liquid combination (FiberA+FC3283)

does not exhibit such an anti-crossing in a 100 nm wide window around the ZDW, where the

photon pairs will be generated.
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Fig. B1.14: Left: Zoom on an interferogram exhibiting a coupling between, the fundamental mode
and a higher order mode observed in the Fiber A + FC75 combination. Right: Computed transverse
geometric profile of the fundamental mode and SM mode. Bottom: Recorded dispersion of the fun-
damental mode.

1.4 Experimental Nonlinear Characterization

The nonlinearity of the liquid-filled HCPCEF is also an important parameter as it is related to
the brightness of the source (see section A.2.1). Since the fundamental propagation mode has
a small overlap with the silica structure, it is determined solely by the nonlinear index of the
liquid. Because our characterization method is based on self-phase modulation [91], let us

start with a short introduction of this effect.

a) Self-phase modulation

When travelling through a medium, an intense pulse induces a varying refractive index due to

optical Kerr effect [30]:
n(t) = ny + no1(1) (B1.3)

where I(£) = (ngc/2m)|A(z, 1)|? is the optical pulse intensity and n, = 3)((3) / 4n§€0 c.

In the refractive index, the nonlinear term 7, 1(¢) changes the phase accumulated by the

transmitted pulse by an amount:

(.OoL
DNL(D) =—n21(t)T (B1.4)
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such that, at the fiber output, the field is given by:

E(L, 1) =A(, 1) ei(—ﬁ(wo)lﬂ'wo t+ PN (1)) (B1.5)

This nonlinear phase induces modifications in the spectrum of the pulses and most often

a broadening. Indeed, if we consider the instantaneous frequency Q(¢) of the pulse, it is de-

scribed by:

d

Q) = a(w0t+q)NL(t)) (Bl.6a)
donr(1)
= - B1.6b
wo + dz ( )
=W —nu)I—J% (B1.6¢)
0= T2 00— 1 .

This equation shows that the instantaneous frequency remains unchanged at the maximum

(since % = 0) and that frequencies are shifted whenever % #0.

Let us consider the case of Gaussian pulse travelling in a medium with n, > 0. While the
central frequency stays identical, the leading edge of the pulse is shifted toward lower frequen-
cies and the trailing edge toward higher frequencies, resulting in a general broadening around

the central frequency (see B1.15).

1(t) Dy, (1)
de

blue shifted

A J

red shifted

Fig. B1.15: Intensity profiles and their corresponding instantaneous frequency modifications in the
case of a gaussian pulse.

Therefore, one can obtain the nonlinear index phase @y, and consequently the nonlinear

index ny of a medium by measuring the broadening of a known injected pulse.

Our experimental setup for measuring the SPM broadening uses an incident beam with a
rectangular spectrum. The advantage of such shape is that the steepness of the flanks makes it
easier to measure the broadening of the spectrum, forming symmetric pedestals on the flanks.

The basic principle of the measurement is presented in B1.16.
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Fig. B1.16: Top: Principle of the nonlinear characterization. Bottom: Experimental setup. The

dashed lines correspond to an alternative path where the beam coming out of the sample is send
to a camera in order to check the coupling of the fundamental mode of the fiber

The experimental setup consists of a 1580 nm femtosecond amplified Erbium laser deliv-
ering 1.1 ps pulses at 50 MHz with a peak power of 18 W. The pulses are sent to a passive pulse
shaper® to produce a rectangular spectrum, before being injected in the nonlinear sample to
be tested (here HC2300 fiber filled with FC3283). The signal exiting the fiber is collected in a
standard singlemode fiber and sent toward an Optical Spectrum Analyzer (OSA).

b) Results

When injecting 1 mW of pump average power into the fiber, one can observe a clear broaden-
ing of the spectrum. In comparison, a measure at low pump power (100 uW ) where the effect
of the SPM is negligible does not exhibit any broadening (see Fig. B1.17.a). Compared with
simulated spectra (Fig. B1.17.b), the nonlinear phase shift ®yr, can be derived from the mea-
sured spectral broadening. A nonlinear phase shift of ®nj, = 10 mrad is obtained for an average
power of 1 mW in the LF-HCPCE This measured value is of the order of the one obtained with
a polarization maintaining silica fiber of the same length (Fig. B1.19).

Taking into account the experimental parameters and the characteristics of the fiber (Aegr =
95um?, L = 1m), this leads to an estimated nonlinearity of the chosen liquid FC3283 n, =
1.1x10"2m?/W.

In practice, we record the transmission spectra for increasing incident power. As the power

5 it consists of double grating, a translation and an adjustable slit (see [91])
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Fig. B1.17: a. Recorded spectra in the OSA for two different injected pump power. Starting from a
situation where the SPM is negligible (green curve), increasing the pump power leads to a symmet-
ric enlargement of the spectrum (blue curve). Note that the level of the two upper plateaux are not

the same since the injected powers are not identical. b. Comparison between simulated (lines) and
experimental (dots) spectra.

increases, the pedestals intensity evolves quadratically with pump power, which is a signature
of the SPM nonlinear effect (Fig. B1.18). The lowest nonlinear phase shift observed at 400 pyW
(see the pedestals on the spectra) is about 4 mrad.
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Fig. B1.18: Left: Spectra of the square wave pulse generator transmitted by the fiber for different levels
of injected power. Right : Power ratio between the power in the plateau and power in the pedestal.

A linear fit curve gives a slope of 2, which indicates that the signal in the pedestal vary quadratically
with the pump power

Moreover, we also check whether this nonlinearity comes from the sample. As it can be
seen from the experimental setup, the pulse actually crosses two fibers: the sample under test
and the collection fiber to send the signal to the OSA. To make sure that the collection fiber
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does not add any nonlinearity we check that, for the same amount of detected signal, decreas-
ing the power before the collection fiber reduces the overall power linearly while keeping the

pedestals, whereas if the power is decreased before the sample, the pedestals vanish.

=== Standard Silica Fiber
=== Fiber A + FC3283

1575 1580 1585 1590
A[nm]

Fig. B1.19: Comparison between the nonlinearity of a standard silica core SMF fiber (blue curve) and
the LF-HCPCF (red curve) of the same length. The two fibers exhibit comparable nonlinearity.

It is noteworthy that nonlinearities as large as two orders of magnitude higher than silica
can be obtained with other liquids, such as carbon disulfide [92] (hence giving rise to a four
orders of magnitude increase in the FWM efficiency). These high nonlinearities are often as-
sociated to a high refractive index, thus requiring the use of fibers with glass index higher than
silica [93, 94]. Photonic bandgap hollow core fibers with similar structure as the one we are
currently investigating have been reported [95], but they remain more difficult to obtain than
silica PCE

With the knowledge of our experimental parameters (dispersion and nonlinearity), we can

now compute the expected JSA of the source.

1.5 Joint Spectral Amplitude

We recall that the JSA is a product of the energy conservation (a) and the phase matching
(¢) functions. On the one hand the energy conservation function can be computed from the
pump spectral properties (central wavelength and bandwidth). On the other hand the phase-
matching can be computed thanks to the knowledge of the medium properties (dispersion,
fiber length, nonlinearity). Figure B1.20 shows examples of such calculation: the a function
considered a Gaussian centered at A o = 1555 nm and of spectral width ¢ = 1 nm for the pump

and the ¢ function is obtained with the measured LF-HCPCF parameters®.

pased on a polynomial fit of the dispersion measured with OLCI setup and the nonlinear coefficient measured
with the SPM broadening technique (see Tab. B1.1 for a summary of these parameters)
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The angle of the phase matching is estimated to be 0 = —51°. Since, neither the symmetric
(0 = 45°) nor asymmetric (0 = 0°/90°) group-velocity matching are fulfilled, consequently the
signal and idler photons are expected to be spectrally correlated. The same holds true for any
wavelength in the tunable range of our laser. In fact, as shown in Fig.B1.20, the different JSA

that can be obtained always exhibit spectral correlations.
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Fig. B1.20: From left to right, energy conservation, phase-matching and JSA functions for different
configurations of pump wavelength (1570,1560,1550 nm). Changing the pump wavelength shifts the
energy conservation function along the diagonal. It is noteworthy that o and & are depicted with
the same scale whereas the JSA is only represented in vicinity of the intersection between a and ¢

(coloured square area).
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|Conclusion |

In this chapter we have identified the combination of a commercial hollow-core (HC2300) and
a fluorocarbon liquid (FC3283) to be a good candidate for the generation of photon pairs at a
telecommunication wavelength through spontaneous four-wave mixing. We showed how the

optimization procedure, in view of this application links the choice of the nonlinear liquid to

the design parameters of the fiber.

The simulations performed to predict the transmission window and the dispersion of the
fibers have been confirmed experimentally using the OLCI setup. Moreover, the nonlinearity

has been measured using the self-phase modulation characterization of square pump spec-

trum.

Finally, based on simulation of the JSA, we have seen that the biphoton state would be spec-

trally correlated.

All the measured parameters of the source are summarized in Table B1.2.

Tab. B1.2: Summary of the parameters of the chosen LF-HCPCF

Fiber HC2300 filled with FC3283 (perfluorotripropylamine, CgF»;N)
Length Leper=1m
Mean Field Diameter MFD ~ 11pm
Liquid linear refractive index Miquid = 1.281

Zero Dispersion Wavelength

)\ZDW =1552 nm

B1(w)=C+X}_, proF

C =3.863742733424368 x 1078 s.m~!

Dispersion p1 = —1.179674598548600 x 10722 s.m~!.(rad.s")~!
p2 = 1.525974816884953 x 10737 s.m~!.(rad.s 1) 72
p3 = —8.803566103469720 x 1073 s.m~!.(rad.s"1)~3
ps =1.910115270652648 x 1079 s m~!.(rad.s™)~*
Non linearity ny = 1.1x10~2°m?/W

Surface mode

None in the range [1520 - 1605 nm]
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Chapter B2

Toward Raman-free four-wave mixing
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2.2 Experimentalsetupandfiltering . . . . ... ... ... .. i i 86

In this chapter, the first section presents how the LF-HCPCF provides low loss, Raman-free
spectral zones in the selected telecom transmission band where photon pairs can be generated
through FWM. This is demonstrated through a study of the spectral density map of the source.
In a second section, the setup we have implemented to detect the photon pairs is described

and its limitations are discussed.

2.1 Computed Spectral Density Map

The knowledge of the propagation constant of the fiber f; (w) through the OLCI characterisa-

tion allows to calculate the phase mismatch A.

We have seen previously (see section A.2.5) that the spectral density map is an approxi-
mated spectral probability density of photon-pair wavelengths. This 2D map is useful to qual-
itatively visualize the signal/idler wavelength that can be generated for a given pump wave-

length.
. L
SDM(w), Aw) = sinc(@B(ey) — plw), + Aw) - B(w) - Aw))g) (B2.1)
with Aw = wpo — w; = W — wpo the frequency difference between pump and idler or signal.
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CHAPTER B2. TOWARD RAMAN-FREE FOUR-WAVE MIXING

a) Raman-free spectral zone

In Figure B2.1, the simulated SDM of the LF-HCPCF as a function of pump wavelength and of
AAs,i = As,i — Ap is shown. With such a convention, positive AA are related to the idler wave-
length whereas negative AA are related to the signal wavelength. The map is symmetric with
respect to the horizontal axis since signal and idler are generated symmetrically to the pump'.
The central red zone (AA = 0) corresponds to the degenerated case where signal and idler have
the same frequency as the pump (modulational instability). We have already mentioned in sec-
tion A.2.5 that such configuration makes it experimentally difficult to separate the photon pairs
from the pump. We are rather interested in the quasi-parabolic parts with a larger wavelength
separation between pump, signal and idler photons (see Fig. B2.2). We recall that the parabola

part starts dissociating from the central zone at the position of the ZDW at 1552 nm.

Raman Spectrum
of FC3283

1545 1555 1565 1575
Ay [nm]

Fig. B2.1: Left: Spectral density map (SDM)?) of the LE-HCPCF FWM as a function of the pump
wavelength A, and the relative signal or idler wavelength AXg; = A ; — Ap. The white dashed lines
give the position of the Raman lines. Right: Raman spectrum of the FC3283 reproduced for this liquid
with permission from [59]. The gray rectangle corresponds to a zone with no available data.

The position of the principal and secondary Raman lines of the liquid are superimposed
on the SDM with white dashed lines. In order to generate photon pairs which are not contam-
inated by Raman-scattering noise, - Raman-free photons, one has to consider spectral ranges

which are not crossed by the Raman lines. In particular, two Raman-free spectral ranges are

1 signal and idler are created symmetrically when considering the frequencies (o s,i = Wp + Aw). We choose this
wavelength representation for its more familiar orders of magnitude. This explains why values on the y-axis are not
strictly symmetric.
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2.1. Computed Spectral Density Map
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Fig. B2.2: Computed signal and idler generated spectrum in the modulation instability regime (left)
and four-wave mixing regime (right) for A, = 1545 nm and 1565 nm, respectively. While, modu-
lation instability regime is limited to broad parametric generation around the pump, FWM allows
to generate narrow and well separated signal and idler wavelengths. Note that these spectrum are
obtained by vertical slicing of the SDM at the corresponding A p,.

easily identifiable (see Table B2.1).

Tab. B2.1: Combination of wavelengths associated with the generation of photon-pairs devoid
of Raman-scattering. Note that the signal wavelength range is voluntary reversed (from higher
to lower) in order to respect its association with pump and idler.

Raman-free zone I | Raman-free zone II

)\pE [1554 - 1557 nm] [1561 - 1576 nm)]
A€ [1592 - 1630 nm)] [1665 - 1781 nm)]
As€ [1518 - 1490 nm] [1469 - 1413 nm]

b) Experimental considerations

From an experimental point of view, this two dimensional plot is really useful to choose the
experimental parameters. This choice may take into account the amount of Raman noise, the
telecom channel in which signal and idler are created, etc. For this purpose it is also convenient
to add the experimental limitations on the map in order to easily determine the working points

which are worth considering. Let us first consider the fiber-related intrinsic limitation:

- fiber transmission window: The first limitation is the finite fiber transmission width. If
signal and idler are generated outside the fiber transmission band, they experience high
loss and are unlikely to exit the fiber. Qualitatively, the transmission window can be in-
ferred from the finite difference frequency domain simulation. Indeed, the spectral range
for which the fundamental mode does not couple with the cladding gives an approxima-
tion of fiber transmission window which is estimated to be [1440 - 1740] nm (see Fig.

84



CHAPTER B2. TOWARD RAMAN-FREE FOUR-WAVE MIXING

B2.3.a).

Moreover, we may add the following experimental limitations due to the equipment cur-
rently available in the laboratory:

- pump tunability: In our experimental setup, we use telecom femtosecond fiber laser
(Pritel) which is tunable over A, = 1540 - 1564 nm, limiting the possible configurations.

- detector efficiency: Another important limitation arises from SPDs detection efficiency
(ID-220, ID Quantique). The detectors exhibit about 20 % detection efficiency in the
range 1200-1600 nm, but the efficiency quickly drops beyond this range (see Fig. B2.3.b).
Such limitations put constraints on the detection of the idler photon. Note that this limi-
tation can be overcome by using other SPDs, in particular superconducting SPDs gener-
ally exhibit an increased detection range of 400-2500 nm.

a b.
coupling 07
1.282 '
« region 251
" HEll 20%
= 20
e 1.28 £
N £ 15
1278) el o =
5]
1.276 ] ] ] ; ; | v
1400 1500 1600 1700 l]900 1000 1100 1200 1300 1400 1500 1600 1700
A [nm} Wavelength [nm]

Fig. B2.3: a. Simulated effective index (FDFD) of the filled-fiber. The blue region corresponds to the
spectral region for which the fondamental mode does not couple to cladding modes. b. SPDs detector
efficiency for two possible configurations. The red curve correspond to A = 1550 nm. Beyond 1600 nm
the efficiency quickly drops. Source ID Quantique

A new SDM taking these experimental limitations into account is shown in Figure B2.4.
Among the two Raman-free ranges presented above, only one, featuring closer signal and idler

wavelength to the pump, is experimentally accessible under our experimental constrains.
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2.2. Experimental setup and filtering

Detection efticiency < 59%"*

/\,‘ ~ 1610 nm

Out of pump

AN [nm)]

tunability range**

)Ls ~ 1505 nm

-15( Fiber transmission limits*

1545 15655 1565 1575
Ap [nm]

Fig. B2.4: Spectral density map while taking experimental constrains into consideration. The white
dashed lines give the position of the Raman noise. *Intrinsic fiber limit **Limits due to our experi-
mental equipments

2.2 Experimental setup and filtering

Our experimental setup to characterise photon-pair generation is shown in Fig. B2.5. A tele-
com fiber laser (Pritel) provides picosecond pulses centered at a wavelength A, tunable in the
C-band (1535-1565 nm) with a fixed repetition rate f;, = 100 MHz. An afocal system controls the
size of the beam waist. The pump pulses are sent on a grating followed by a pinhole in order to
filter out any residual fluorescence or Raman scattered photons that may have been generated
in the laser delivery fiber. It is of the utmost importance to filter all the noise present at signal
and idler wavelengths prior the injection in the fiber, because after the fiber, such noise could
not be distinguished from the parametric photons. A half-wave plate (HWP) allows the polar-
ization of the pump to be aligned on one of the axes of the fiber. Around 3.5 mW of pump power
is injected into the 1 meter long LF-HCPCF (10 mW with a coupling efficiency of ~ 35%). In the
fiber core, the spontaneous FWM process may occur and lead to the generation of a photon

pair which co-propagates with the pump.

Prior the detection with single photon detectors (SPD), the signal and idler photons must
be isolated from the pump. On the one hand, since few mW of pump are injected in the fiber,

at a repetition rate of I' ~ 100 MHz, the number of pump photons per pulse is:

Pout 8
N = ———— =~ 10° photons/pulse B2.2
pump = % wp T p p ( )

On the other hand, we are working in a regime where at most one photon pair is generated
per pulse in order to avoid multipair events. Thus, a filtering of at least 90 dB of the pump is

required to be able to extract a photon pair.
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Fig. B2.5: Experimental setup for photon pair generation.

Several degrees of freedom can be used to filter the signal and idler from the pump and

from background noise:

- polarization: since the fiber birefringence is negligible?, the FWM phase matching func-
tion ¢ is the same whether considering photon pairs generated with the same polariza-
tion as the pump (co-polarized phase matching) or with a perpendicular polarization
(cross polarized phase matching). The occurence probability of generating cross polar-
ized photons is nine times lower than the co-polarized parametric photons®. Neverthe-
less, in the cross polarised configuration, the photon-pairs can be separated from the

pump using a polariser.

- frequency: using gratings or prisms, the signal and idler can be spatially isolated from

the pump.

- time delay: signal and idler photons being always created simultaneously, it is a good ap-
proximation to consider that the two detectors click with a constant delay corresponding
to the optical paths difference between signal and idler arms. The pair detection that
do not correspond to this delay can be discarded as they do not correspond to signal-
idler coincidence. This is particularly useful to eliminate background noise. As opposed
to the polarization and spectral filtering, such technique is applied after detection, as a

post-selection.

In practice, these three strategies are implemented simultaneously for an efficient filtering.

2 due to the geometrical symmetry
3 due to a lower number of degenerate components in the nonlinear susceptibilty [96]
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2.2. Experimental setup and filtering

a) Free-space filtering

At the fiber output, a half-wave plate and a PBS allow to choose either co- or cross-polarized
signal and idler (see Fig. B2.6). Selecting the cross-polarized allows a first step of pump filter-
ing of ~20 dB. Then, a diffraction grating spatially separates the pump, signal and idler. The
pump is sent to a beam block. Signal and idler each go through a second grating for improved
filtering. Indeed, as gratings are not perfect, a small part of the pump may be scattered in the
directions of both detection paths. The second grating allows to significantly reduce the num-
ber of these scattered photons. The three transmission gratings (T-940-C, LightSmyth) have 940
lines/mm. Their diffraction efficiency is around 94 % for both polarizations. Finally, the para-
metric photons are collected with two microscope objectives. Two id220 free-running InGaAs

Single Photon Detectors (SPDs) are then used for detection.

— -
— e e
e =

...........
........
...............................

signal =

FREE SPACE FILTERING \Q ...... O..L
half-wave polarizing ||” - X ) )
N e ) O

Fig. B2.6: Setup of the free-space filtering configurations with three identical diffraction gratings.

In practice, the major disadvantage of using gratings for isolating photon pairs is the align-
ment of the signal and idler paths. Each pump wavelength is associated to a couple A and A; at
which photon pair generation is expected. The direction of the beams after the gratings being
wavelength dependent, the axis of the signal and idler arms must be aligned before each mea-
surements (Ag, A; pair). A CW tunable laser tuned at A; and A; is used for the preliminary align-
ment. Consequently, the filtering is strongly limited by the alignment laser tunability range,
putting stringent limitation on signal and idler wavelengths that can be detected. In our case,
we use a CW laser (T-100, Yenista) with tunability of 1525 — 1562 nm. The two major problems

arising from these considerations are:
* the Raman-free range is no longer accessible in this configuration

¢ the filtering is more delicate, both because the spectral separation is narrow and because
the signal and idler are generated within the spectral gain of Erbium where the pump

laser emits some fluorescence.
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That is why we explore another filtering technique where no preliminary alignment step is

required. It is based on telecom fiber filtering.

b) Fibered filtering

Thanks to the development of spectral multiplexing and demultiplexing techniques in today’s
telecom networks, a very large range of cost-effective* fibered filters is available. They are char-

acterized by their channel width and channel spacing and can be divided into three categories:
- Wavelength Division Multiplexer (WDM)
- Coarse Wavelength Division Multiplexer (CWDM)
- Dense Wavelength Division Multiplexer (DWDM)

The given wavelengths positions and spacing are standardized by the so-called Interna-
tional Telecommunication Union (ITU) grids (ITU-CWDM and ITU-DWDM). Table B2.2 sums
up the main characteristics of commercial telecom channel products.

Tab. B2.2: Standard commercial parameters of the Normal-, Coarse- and Dense-demutiplexing.
Note that in the case of DWDM, 50 GHz and 200 GHz versions also exist.

WDM CWDM DWDM
number of channels 2 16 40
spacing between channel | 240 nm 20 nm 100 GHz (~ 0.8 nm)
Amin 1310 nm | 1271 nm 1519.48 nm
Amax 1550 nm | 1611 nm 1577.03 nm

Since the signal and idler Raman-free photon wavelengths are expected around: A; = 1505
nm / A; = 1610 nm, we choose CWDM filters (Senko) that cover this spectral range. It consists
of passive add/drop filters with one input and two output ports. They transmit a certain wave-

length A, + 6.5 nm at the first exit port, and reflect all others wavelength Ay at the second one®.

Figure B2.7 describes this alternative experimental filtering setup. It starts with the same
polarization filtering as in the free-space configuration (HWP + PBS). In principle this may be
done with fibered optical elements (Paddle Polarization Controllers + Fused PBS), yet it is much
preferable to do it in free-space: indeed, if the LF-HCPCF allows to generate Raman-free pho-

tons, it is equally important not to generate any Raman contamination during the filtering

4 < 30$ per CWDM filter
5 instead of this 1x2 (input x output) single channel component, 1x4 channels to 1x16 channels demultiplexer
also exist in order to separate different wavelengths with only one device.
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2.2. Experimental setup and filtering

step. Coupling the strong pump directly after the LF-HCPCF into fibers would risk generat-
ing Raman-scattering noise. Therefore, a first step of free-space filtering allows to makes sure
that a negligible amount of pump power interacts with silica.

After the polarization filtering, the remaining pump together with the signal and idler are cou-
pled into a fiber and goes through a three step spectral filtering. First, a filter centered at A,
allows to reject the pump while keeping all the other wavelengths. Then, a second filter at A;
separates the signal from the idler in two arms. Finally, further filters are used in both arms for
improved filtering at A; and A;, respectively. In overall, assuming F as the filter response, the
idler wavelength go through F(A,) x F(A;) xF(A;) and signal through F(A,) x F(A;) x F(As) x F(Ay).
According to the specifications, the isolation for the transmitted port F(A) and for the reflected
port F(Ay) are > 40 dB and > 13 dB, respectively per filter. Thus, a pump isolation of > 90 dB is
expected (> 93 dB for the idler and > 106 dB for the signal).

Insertion loss equals 0.7 dB per filters, such that the total fiber filtering loss is estimated to 3

dB® (excluding the =~ 40% coupling when injecting in the first fiber).

FIBERED FILTERING

hal f-wave ‘ polarizing \ mirror lens GSPD I:l fiber A Coarse Wavelength Division
plate beam splitter coupler —4%( Multiplexer {CWDM}

Fig. B2.7: Setup of the fibered filtering scenario with CWDM.

In the case of the commercially available fibered filtering, the alignment issue is solved with
the constraint of the ITU grid. We designate as [s1,s2,s3] and [i1, i2,13], the possible CWDM
used for filtering signal and idler and p for the pump. Since the photon pairs are created sym-
metrically to the pump central frequency, the chosen signal and idler CWDM must generally be
of the type [sy, ix] withx =1, 2 or 3. Unfortunately, CWDM channels are defined by equal spac-
ings in wavelength? and not in frequency. This means that for increased separation from the
pump, the two parametric photons are not strictly generated in two symmetric CWDM chan-
nels. For instance, with a pump at A, = 1557 nm, the signal is generated at ~ 1490 nm in the

center of s3, however its idler sibling is generated at ~ 1630 nm which is outside of i3.

Figure B2.8 shows a comparison between the free-space and the fibered filtering strategies.

6 this can be futher reduced by splicing the different fibers together to avoid transition connectors
7 in contrast with DWDM
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For both techniques, the wavelength that can be selected are highlighted with coloured rectan-
gles superimposed on the spectral density map.

FREE SPACE FILTERING FIBERED FILTERING

EEEEEEEEEEEEEEEEEEEEEEEEN EEEEEEEN
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CWDM 16 10
= f %

CWDM 1579 —

Accessible range
CWDM 1559

—

AN, [nm)]

(grating alignment)

1545 1550 1555 1560 1565 1545 1550 1555 1560 1565
Ay [nm] A, [nm]

Fig. B2.8: Spectral density map showing the frequency signal and idler frequencies that can be filtered
depending on the chosen experimental scheme. While for the free-space filtering, the signal and idler
can be chosen freely in a narrow band (the C band), in the case of the fibered filtering a larger spectral
range is accessible at the cost of fixed channels.

Tab. B2.3: Comparison of the two implemented filtering strategies.

Gratings Filtering CWDM Filtering

Accessible A;, A; [1527-1562] 1490; 1510; 1530;
1550; 1570; 1590; 1610
Detection Bandwidth 0.3 nm 13 nm
Alignement Yes No

¢) Discussion and Perspectives

Despite the good pump isolation, both filtering setups do not allow the characterization of
photon pair generation in a satisfactory and reproducible fashion. Nevertheless, this non-

completion can be attributed to our experimental setup limitations rather than to the source
itself.

The free-space filtering with gratings has already proven its worth in past work [25, 29] at
the condition that the spectral separation between the pair and the pump is not too narrow®.

At present, our C-band CW laser limits the spectral separation to an upper bound of ~ 10 nm.

8 in the work [29] the separation is estimated to ~ 30 nm (60 times the pump width) with a pump in the infrared.
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Therefore, a CW tunable laser covering the telecom S-band (1460-1530 nm) and L-band (1565-

1625 nm) would be useful to greatly extend our measurement range.

Alternatively, in order to improve the fibered filtering, the 13 nm detection bandwidth of
CWDM may be too broad, letting too much noise go to the detectors. It would be worth trying
a narrower filtering bandwidth, with either S- and L-band DWDM or with tunable filters which
are much more costly solutions than CWDM?.

|Conclusion |

We have shown that the choice of the liquid allows to engineer both linear and non linear prop-
erties of a LF-HCPCF and more specifically, the ZDW position, the nonlinear coefficient and the
Raman free zones. In this way, the phase-matching wavelength range of the four wave mixing
process and the photon pair generation efficiency can be optimized with respect to the Raman

line position.

For a given commercial fiber, we have identified at least one liquid that satisfies all require-
ments toward the realization of a LF-HCPCF Raman free photon pair source, with a ZDW in the
desired telecom range, and a nonlinear coefficient comparable to the one of silica. All the ele-
ments of a low SNR fibered photon pair source at telecom wavelength, fully operating at room

temperature are therefore gathered.

9 tunable filter > 1000 $ whereas CWDM < 30 $
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Part C

Raman-free photon-pair generation
and spectral correlations engineering in
Gas-filled IC fiber
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Part C of the manuscript is devoted to the second hollow-core source we have designed based
on a gas-filled inhibited coupling fiber. In the first chapter we show how this second type of
hollow-core fiber allows to design a source with tailored spectral correlations. In the second chap-
ter, experimental characterization of the JSI of the source in the stimulated regime is performed
while varying various parameters of both the fiber (length, gas pressure, pulse shaping, etc.) and
the pump beam (central wavelength, spectral width, spectral phase). Finally, the characterisa-

tion of the source in the photon-pair regime is presented in the third chapter.

This second project is done in collaboration with Charles Fabry and XLIM laboratories. The

tested fiber is an "in-house" HCPCF from XLIM.

Chapter C1: Spectral correlation engineering and fiber design
Chapter C2: Joint Spectral Intensity tomography

Chapter C3: Raman-free photon-pair generation
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Chapter C1

Spectral correlation engineering and

fiber design

1.1 Introduction to spectral-correlation engineering . . .. ............. 96
1.2 ComparisonbetweenPBGandIC ................. ... 100
1.3 ICfiberanalyticalmodel . . . . . ... ... ... ... . 108
1.4 Multiband FWM - Spectral correlation engineering . . . . ... ......... 114
1.5 Designofthegas-filledsource ................ i 116
1.6 Chosendesign . . . . . ... v it ittt ittt eneenenenenns 120

This first chapter describes the usefulness of spectral-correlation engineering (i.e. the abil-
ity to control the JSI shape) in view of quantum information applications. We first discuss the
requirements in terms of dispersion to achieve this goal. This leads to the introduction of the
second type of hollow-core fiber: the inhibited coupling fiber, and we demonstrate that it in-
trinsically exhibits dispersion properties that allow spectral correlation engineering. An an-
alytical model, which allows to link the parameters of the fiber/filling medium combination
(fiber inner radius, silica strut thickness, gas pressure, temperature) to its optical properties
(dispersion, loss, nonlinearity, etc), is presented and discussed further in the chapter. Finally,
the model is used to identify a fiber design exhibiting a factorable JSI that can be used as a
heralded-single photon source.

1.1 Introduction to spectral-correlation engineering

Photon-pairs, whether generated through SPDC or FWM, are one of the backbone resources
in the field of quantum information. Among the numerous applications, they are useful in
linear optical quantum computation [97], quantum cryptography [98], quantum communica-

tion [99], teleportation [100], entanglement swapping [101]. Many of these applications require
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a large number of photons in a pure state with high visibility Hong-Ou-Mandel interferences
[102].

Standard parametric sources often generate two photons sharing undesired spatial and
spectral entanglement. As described in chapter A.2.2, such entanglement results in individual
photons being in a mixed state, which limits the visibility of interference between single pho-
tons from different sources. Therefore, it is essential to build sources that allow to easily control
the spectral correlation of the generated pairs. Spatial entanglement can be suppressed by us-
ing a guided-source such as fibers or waveguides. However, avoiding the spectral correlations

requires more stringent designs [36] as detailed hereafter.

a) Filtering strategy versus Source engineering

One way to overcome spectral correlations is to use a narrow-band spectral filtering to select a
factorable region of the JSA [103, 104]. However, this approach has one significant drawback:
the filter reduces the number of usable photons. This approach forces a trade-off between pu-
rity and brightness [44] the narrower the filter, the higher the purity but the lower the number
of photons reaching the detectors. This can be seen easily in Fig. C1.1. For instance, starting
from a given non-engineered source of single photon purity P =30 % ( Fig. C1.1 top right hand
side), 50 % purity is obtained at the cost of removing 27 % of the generated photons and 95 %

purity is obtained at the cost of removing 85% of the generated photons.

In general, this approach, whether sacrificing either purity or brightness, is not scalable to
large-scale quantum information applications, requiring high rates of pure photons. In con-
trast, perfect interference visibility between photons from distinct sources can be achieved
without resorting to filtering if the photons are directly produced in a factorable state!. This is
the motivation behind the spectral correlation engineering of parametric sources [36]. We have
seen previously (see chapter A.2.3) that such a state is obtainable provided that the source dis-
persion enables a group-velocity matching between pump, signal and idler frequencies. Theo-
retical and experimental works have shown how this is achievable in crystals [39, 105, 106, 107],
in chip-based sources [47, 108] and solid-core fibers [10, 34, 109, 110, 111]. In the following, we
present a strategy to attain this goal in hollow-core fiber media.

b) What about photonic-bandgap hollow-core fiber ?

The dispersion profile of PGB-HCPCF is generally not compatible with correlation engineering.
As we have seen previously (see section B.1.1) it exhibits a monotonically decreasing "S-shape"
dispersion associated with a parabolic inverse group-velocity (f;) as shown in Fig. C1.2. This

leven the sidelobes of the sinc can be filtered with a very limited impact on the brightness (<2%)
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Fig. C1.1: Top: Simulation of a JSI and associated Schmidt decomposition with increasing filtering.
The white number corresponds to the single photon purity. The simulation considered Gaussian filter
applied on both signal and idler frequencies. Bottom: Corresponding trade-off between purity and
brightness as a function of the amount of filtering (= % with o an arbitrary filtering width.)
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means that in typical PBG-HCPCE there is only one ZDW, which, by definition, is a local mini-
mum of the B; curve. And, as the FWM process requires the pump wavelength to be close to a
ZDW, it restrains 1, to be close to a minimum (Fig. C1.2.b) such that f;5 > f1, and B1; > P1p.
Consequently the conditions for obtaining a factorable state are not fulfilled?.
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Fig. C1.2: a. Simulated effective index obtained with FDFD simulation (PBG-HCPCF from Part B). b.
Inverse group velocity as a function of wavelength. The green square correspond to FDFD simulation
and the blue lines to the OLCI measurement.

We perform simulations in order to find fiber designs compatible with group-velocity match-
ing. The key is to look for fiber exhibiting a non-monotonic dispersion (presence of several
ZDWs) since it has been demonstrated that it allows the generation of a much larger variety of
spectral correlations and in particular of factorable states [34, 110]. Let us demonstrate that a
non-monotonic profile can be achieved thanks to surface modes.

As discussed precedently (see section B.1.3), a common issue with PBG-HCPCF is the presence
of surface modes that couple to the fundamental mode. Since they increase the loss [90, 112]
and limit the usable bandwidth [23], surface modes are generally unwanted and number of
studies have been carried out in order to avoid their presence in the transmission bandwidth3
[90, 115, 116]. However, beside these detrimental effects, the presence of surface modes also
results in splitting the bandgap into several bands, each with their own ZDW. As an illustration,
Fig. C1.3 shows the result of FDFD simulation of a fiber design exhibiting 3 bands because of 2
surface modes which couple to the fundamental mode at ~ 1480 nm and 1600 nm. The simu-
lation uses the same design than Fig. C1.2 but with a 40 % widening of the silica ring delimiting
the core (see inset). In such a multiband dispersion profile, FWM can occur with pump, signal
and idler spread out in three different band as shown in Fig. C1.3.b. In such a case, 1, can

remains near a ZDW without the restriction that $;; and 1; have higher value than ;,. With

2we recall that the conditions are that either the inverse group velocity of the pump equals one of the parametric

photon (asymmetric group-velocity matching: 1, = p1s or B1p = P1s) or that it is the arithmetic average of the
inverse group velocity of signal and idler photon (symmetric group-velocity matching: 2 31, = f15+p1,;

3a common strategy is to lower the thickness of the silica ring around the core [113, 114] which results in "pushing
away" the surface modes outside the bandgap
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this restriction lifted, one can access a variety of group-velocity relation between pump, signal

and idler such as 31, = f1; as illustrated in this figure [117].
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Fig. C1.3: a. FDFD simulation with a 40 % increased of the core thickness b. Corresponding simulated
inverse group velocity as a function of wavelength.

However, the idea to purposely add SM to obtain non-monotonic dispersion profile is in
opposition with the global trend in the fiber community to get rid of these surface modes.
Therefore, even-though multiband dispersion profile in PBG has been demonstrated through
surface mode couplings [90, 114, 22] or even through double bandgap structure [77], it remains
experimentally challenging to have a precise control on this multiband behaviour yet. With
this in mind, we have chosen to use the second type of hollow-core fiber the inhibited-coupling
fiber *. As we will see, these fibers intrinsically exhibit a multiband dispersion profile making
them suitable for spectral correlation engineering. This study is done in the framework of a col-
laboration with Fetah Benabid from XLIM laboratory who designed the first inhibited-coupling
fiber in 2002 [72, 73], the so-called kagome fiber, and whose group (GPPMM) detains state of
the art hollow-core fiber fabrication facilities and know-how. Prior to giving an explanation of
the guidance mechanism of inhibited coupling HCPCE let us first present its main distinctive
features compared to PBG-HCPCE

1.2 Comparison between PBG and IC

As aresult of their different guidance nature, PBG and IC exhibit differences in their dimensions
(i.e. core diameter, pitch, thickness of the silica web) and optical properties (i.e transmission
bandwidth, loss, dispersion, etc). Figure C1.4 presents an intuitive picture of these distinctions

while Table C1.1 gives a more quantitative comparison.

4 in the literature, inhibited-coupling HCPCF is sometimes associated to the ARROW terminology (anti-

resonance reflecting optical waveguide) or anti-resonant hollow core fibers. For more details please refer to [118].
Moreover, it provides extended explanations on the different hollow-core guidance mechanisms and a review of the
different applications
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The main differences are:

- ICspan an extremely large transmission bandwidth (several octaves) from the far infrared
to the UV.

- Unlike standard PBG which are generally composed of a unique "S-shape" dispersion
profile, IC intrinsically display a dispersion composed of several S-shape wide bands sep-

arated by non-guiding highly dispersive narrow bands.

- The mean group velocity dispersion in the guided ranges is generally much lower in IC

than in PBG (around two orders of magnitude lower).
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Fig. C1.4: a. PBG fiber and b. IC fiber cross sections and their optical properties. The effective index

is plotted in red, the group-velocity dispersion in blue and the transmission in dark lines. The blue
dots give the position of the zero-dispersion wavelengths.

a) Adifferent cladding design

The properties of IC are a direct consequence of their guidance mechanism. Unlike the PBG

fiber that can guide only wavelengths that are close to the periodicity® of the cladding, IC fibers

5 in fact, the periodicity is not a necessary condition but more a mathematical convenience for applying the
Bloch theorem (more details in [118].
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1.2. Comparison between PBG and IC

Tab. C1.1: Features comparison between photonic bandgap and inhibited coupling HCPCF

PBG IC
Optical parameter
mean field diameter (MFD) 4-15 pm 15-95 pm
loss 1.2-25 @1550 nm | 10-50 @1550 nm
[dB/km] 50-100 @1 pm 8.5-20 @1 um
1000 @500 nm 10-20 @500 nm
bandwidth 50-200 nm >1 um
dispersion in guided ranges [ps/km/nm] 10-300 3-10
typical polarisation maintenance (PER) 15-20 dB 15-20 dB
numerical aperture (NA) 0.1-0.2 0.01-0.05
optical overlap with silica cladding 0.1-1 % 0.001-0.01 %
Geometrical parameter
core diameter 5-20 um 15-100 pm
strut thickness 100-200 nm 250-3000 nm

does not possess a bandgap [73]. The guidance is based on a photonic analogue of the bound
state within a continuum established within the field of solid-state quantum physics [119, 120],
where a quantum state remains localised into a given mode even though it coexists with a con-
tinuum of scattering modes. Concerning inhibited-coupling fiber, the bound state is the core
mode whereas the continuum is formed by cladding modes. In other words, the core modes

and the cladding modes coexist without being coupled to one another. As we will see, this non-

coupling is due either to their small spatial overlap or to their strong effective index mismatch
[121].

core mode air cladding mode  silica cladding mode

Fig. C1.5: Example of IC fiber geometry and examples of associated core and cladding modes [122].

In practice, IC fiber geometries are designed in such a way that the silica cladding modes
(for instance Fig. C1.5.d) exhibit a much faster transverse field oscillation than the core modes

[73]. The cladding (here composed of tubes) exhibits a round and smooth shape but at a much

102
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smaller scale than the core size, forcing a faster transverse field oscillation ®. This is in con-
trast to PBG fiber which have many sharp bends and nodes (i.e. intersection of silica struts) in
the core vicinity. Such a smooth structure allows to get rid of silica-cladding mode with slow
transverse field oscillation that could possibly have coupled to the core modes’. Actually, they
do couple at some specific wavelengths denominated as resonances. These resonances are re-
sponsible for the multiband behaviour of IC-fiber and thus, play a central role for the spectral-
correlation engineering as we will see. In the next section, we will determine the wavelengths
for which there are such resonant couplings.

Moreover, regarding air-cladding modes, although they have a slow transverse field oscillation
(Fig. C1.5.c), they do not couple with the core mode because they do not spatially overlap and

exhibit different effective index due to the lower size of the tubes.

b) Resonances with the silica tubes

Let us consider the IC fiber geometry of Fig. C1.5. Because it has a simple structure, the wave-
lengths for which there is a strong coupling between core mode and silica-cladding modes can
be determined easily. It occurs when the core modes and silica-cladding mode have identical

transverse and longitudinal wavevector (Biupe = Pcore)-

Fig. C1.6: Illustration of the conventions used for the propagation vectors.

For the sake of this calculation, let us first describe the core and cladding modes wavectors.

For a given mode X travelling in a medium of index ng, the wavevector can be written as:
(ngh)? =B5 +B% 1 (€LY

where k = ZT“, PBx is the projection along the z-axis and Px ; the transverse component (see Fig.
C1.6).

The Core mode. On the one hand, the longitudinal wavevector Pcore Of the fundamental

6 see for instance the emergence of hypo-cycloid core contour [123].
7opposingly, "nodes" in the claddind tend to favour highly localised mode with a slow transverse field oscillation
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1.2. Comparison between PBG and IC

mode in the fiber® (HE;;) can be approximated by [124, 125]:

ﬁgore = (nairk)2 - Bgore,J_ (Cl.2a)
k* - I (C1.2b)
RZ :

where j = 2.405 is the first zero of the 1st Bessel function. Please note that this is true in the

assumption that the fiber radius R is much larger than A.

The silica-cladding mode. On the other hand the longitudinal wavevector Bype of the

mode localized within the silica of the tube constituting the cladding is given by:

Brube = M5 K)* = Blype s (C1.3a)
= (ngik)* — (BT +P5) (C1.3b)

where § has been decomposed in the cylindrical coordinates system. These tube modes can be

described as HE,;, ; such that the transverse components are [126]:

Br=(l— 1)% (C1.4)
m
Po = 3R, (C1.5)

where t is the silica strut thickness, R; the tube radius, / the radial- and m the azimuthal-
mode number, respectively. Figure C1.7 shows examples of field distributions in one tube of

the cladding.

-
Y YER YR
1
"/ \
\/ ./ e’
m=1 m=2

m =13 m=0

S

=1 =1 =1 =1 1=2

Fig. C1.7: Examples of tube modes designated by their radial (1) and azimuthal (m) mode number.
In practice, the silica-cladding modes are spread over all the tubes of the cladding.

2
more generally, a HE;;, , mode is described by : P2y, = k% — ]"i{# with j, n the n'" root of the m™ Bessel

function

8
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The core and silica-cladding modes are longitudinally phase-matched when:

Btube = Beore (Cl.6a)
182 T2 myz o j2
(s k) —((1—1)7) _(z_m) k-5 (C1.6b)
M2 (m2_ 2m Jj?

Considering the case of wavelengths much smaller than the radius of the tube (A << R), the

longitudinal phase-matching identity can be simplified to:

Y2 m 21 5
((l—l)?) +(2_Rt) = ﬁ(nsi_l) (C1L.7)
The two modes couple to each other if they are also transversely phase-matched. This occurs
when the silica mode azimuthal number m equals the one of the core mode [127]. Thus, for the
fundamental mode (m = 0), the transverse and longitudinal phase-matching condition can be

written as:

2 2
((1—1)2) :A—T;(nii—n (C1.8)

This identity can be written in the form:

— 2
)\l—l —m nsi—l (Clg)

where we recall that | is an integer.

Therefore, a strong hybridization between core mode and cladding modes is expected at wave-
lengths A;. These resonances correspond to the narrow regions in Fig. C1.4 with high loss and

diverging dispersion.

c¢) Density of states

With this in mind, let us compare the density of photonic states of an IC fiber to the one of a
PBG (see Fig. C1.8). The horizontal axis kA of the IC diagram is normalised relatively to the
resonant condition kA = (2¢/A) nil. — 1 whereas for the PBG diagram it is normalised by kA
with A being the pitch of the 2D crystal.

Firstly, one can notice that unlike PBG, the IC effective index diagram exhibits no bandgap
but a quasi-continuum of propagating modes, as mentioned above. In other words, there is no
region in the density of state which is free of cladding modes. Nevertheless, in IC, two types of
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1.2. Comparison between PBG and IC

cladding modes can be distinguished (as seen in Fig. C1.5) (i) modes lying in the silica cladding
which are identifiable by their steep dispersion (grey vertical lines) and (ii) modes lying in air
with a flat dispersion below the air light line (horizontal dashed line). The air modes can either
correspond to core modes (yellow) or air-cladding mode lying within the tubes (dark horizontal
line).

Secondly, despite they cross each other in the density of states curves, the core mode does not

hybridize with cladding mode?, except in the vicinity of the resonance where kA ~ 1.
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Fig. C1.8: Comparison between density of photonic states for the cladding structure (grey) and core
mode (yellow) in PBG and IC fiber. The core mode is an illustration and does not corresponds to
actual computed data. As opposed to PBG where the core modes lie in a region void of cladding mode
(the bandgap), IC core modes are cohabiting with a region filled with cladding mode. The two density
of photonic states are reproduced from [77, 121].

Thus, PBG and IC rely on two different strategies to guide light in the core. PBG fibers are

designed in such a way that a core mode exists in a region free of cladding mode. Thus, the core

9 more precisely, such a diagram considers an infinite cladding structure without defect/core. Nevertheless, one
can observe that, except in the vicinity of the resonances, there is an absence of hybridization between the air
cladding modes and the silica cladding modes. Since core modes have similar dispersion to air-cladding mode, it
gives a strong intuition about the coupling inhibition between the core modes and the silica cladding modes.
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mode cannot leak out because there is no cladding mode to couple to. Alternatively, IC rely on

engineering the core and cladding modal content in such a way that they do not couple [118].

d) Variety of inhibited-coupling designs

As opposed to PBG, the cladding modes in IC fibers are very localized with little interaction

with their close neighbouring guiding sites. This has two main consequences:

- it can be shown [121] that, in first approximation, this dispersion diagram is indepen-
dent from the lattice geometrical arrangement (change of pitch, of pattern or of lattice
structure, see for instance Fig. C1.9). This is why our mathematical derivation (cf sec-
tion C.1.2.b) describing the coupling resonances in a tubular IC fiber can be extended to

others IC geometries.

- the first sites around the core are sufficient to compose the cladding [73]. Interestingly,
the cladding structure of IC fibers has gradually simplified. Figure C1.9 explicitely shows
this trend from its first design (kagome-like) in 2002 [72] composed of an extended lattice,

to lighter and lighter cladding such as the Tubular fiber [128] composed of a single layer

)

Fig. C1.9: SEM images of different types of inhibited-coupling fibers classed by historical order a.
Kagome (2002, [72]), b. Kagome with hypocycloid shaped core structure (2011, [129]), ¢. Hollow-core
with ice-cream-cone shape capillary in the cladding (2012, [130]) d. Tubular fiber designed by XLIM
used in this work .

of tubes around the core.

Moreover, it is also remarkable to observe how the evolution of the design has eliminated
all the nodes and sharp angles present in the cladding'® in order to inhibit the existence of
cladding mode with a slow transverse oscillation. This is particularly the case with the latest
design, the tubular (Fig. C1.9.d) which does not exhibit any nodes in its cladding structure!®.

As opposed to PBG fiber where we used FDFD simulations to infer the relation between

10in particular in the core vicinity
Heven at the junctions where the tubes are attached, the almost perfect round structure of the tube makes this
intersection relatively small
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1.3. IC fiber analytical model

the geometrical parameters of the fiber and its dispersion properties, IC fibers can be well de-
scribed by an analytical model. In the following section we will detail this model and show how

it can be used to predict the phase-matching and spectral correlations.

1.3 IC fiber analytical model

An analytical model was recently given to describe the effective index of a HE,;, , mode tube-
type hollow core fiber filled with a gas [131]:

.2 .2
Jm-1, Jm-1,n cot|¥(D)| e+1
Mot = Ngas = =5 —— — =5 ¥ 0] (C1.10)
2kgngaqsR kyngasR e—1 2

with : W(1) = ko ty/ n?, — nZ,, Rthe fiber radius, € = n%,/n2 45, jm,n the n'™ root of the m™ Bessel
function, ¢ the silica strut thickness, ng,s the gas refractive index and ng; the glass refractive

index.

Simulations and experimental observations have shown that such a tube-type model can
provide an accurate description of IC-fibers [132]. It is quite remarkable that, regardless of the
complexity of the cladding geometry, the dispersion can be inferred with high accuracy only
by considering two of its geometrical parameters: (i) the core radius R describing the over-
all dispersion and (ii) the silica strut thickness ¢ describing the resonances. Potentially, the
core radius may be a few percent underestimated when extrapolating an IC fiber to a tube-type
[133].

For instance, despite their apparent geometrical differences, if a Kagome-like and a Tubular-
like IC fiber (see Fig. C1.10) have the same radius R and silica strut thickness ¢, they will exhibit
very close dispersion. This approximation holds because IC fibers are commonly used in the
regime where A << R and because the guided field is concentrated in the core region so that the
evolution of the effective index is, in first approximation, independent of the cladding design
around the core, whether it is a tube, 8 tubes or a kagome-lattice. On the contrary, loss is very
sensitive to cladding geometry [134]. For this reason, the analytical model describing the loss
in tube-type fiber [131] cannot be extrapolated to IC fibers that generally exhibit loss that is

several orders of magnitude lower than a tube-type hollow core.

Let us describe in more details the different terms of Eq. (C1.10). The expression can be split
in two parts, i) the slowly varying contribution nyean and ii) the fast evolving part related to the
resonances Ngiscont SUCh that 7esr = Bimean + Rdiscont- Figure C1.11 shows an example illustrating
the contributions of the two terms in the analytical model.

Moreover, for simplicity, only the fundamental mode HE;; is considered in the following. Thus,
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Tubular-I1C \

Tube-type model

approximated

Kagomé-1C > ::>

2 Geometrical parameters:

t : silica strut thickness

Fig. C1.10: IC fiber dispersion, independently from the cladding geometry, can be described by a
tube-type model. Only two geometrical parameters are required, the fiber radius R and the silica
strut thickness t.

Jjm-1,n is replaced by j with j = jo; = 2.405

j? > cot[¥(D)] e+1 (CLI1)
Neff = Ngas — - :
¢ 8 2k2ngasR? kynza RS Ve—-1 2
nl;an ndi‘s;(mt

a) Mean dispersion

Medium and Guide dispersion

The slowly varying contribution of the effective index is described by the first two terms of Eq.
(C1.11) depending on gas refractive index and fiber core radius. Note that these two terms,
taken individually, correspond to the well established formula given by Marcatili et al. [124]
describing a hollow waveguide with a perfectly reflecting boundary.

The mean dispersion results from a competition between the medium dispersion which is here
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Fig. C1.11: Effective index of an empty 20 um radius fiber with strut thickness t = 600 nm. The
red dashed line corresponds to the slowly varying contribution (Nmean), When neglecting the effect
of resonances. The blue curve gives the dispersion predicted by the analytical model (Nef = Nmean +
Ngiscont) INcluding the resonances.

the gas, and the guide dispersion which is a geometrical effect'?:

i2
J
n =Nlggs— —5——— (Cl.12a)
mean gas Zkg ngast
j2
=1+ (nggs—-1) - ——— (C1.12b)
ﬂs,_z 2k(2)ngasR2

medium dispersion ‘“————r
guide dispersion

The guide dispersion mostly depends on the radius (x —ﬁ—i), the smaller the radius, the
steeper the dispersion. Figure C1.12, right hand side, presents the empty guide dispersion for
three different radiuses.

Although a gas is generally a low dispersive medium, the contribution of the material dis-
persion is not negligible since the guide dispersion may be also quite remarkably low (espe-
cially in the case of large core) when compared to standard silica core waveguide. The disper-
sion of several gas (xenon, argon and neon) at standard temperature and pressure is shown in
Fig. C1.12, left hand side. The heavier the atomic weight of the gas constituents, the higher the
dispersion.

Depending on the fiber radius and gas used, the relative weight of medium and guide dis-
persion can largely vary. Nevertheless, in general, at longer wavelength, the overall dispersion

tends to be governed by the guide whereas at lower wavelength the gas is predominant!? as it

12 35 it can be seen in Eq. (C1.12b), the guide and medium dispersion are not strictly decoupled since the guide

dispersion depends on nggs, however this dependence is negligible.
13 intuitively, at lower wavelength (A << R), light do not "see" the core walls and only experiences the medium.
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Fig. C1.12: Left: medium dispersion for 1 bar of xenon (magenta curve), argon (green) and neon
(cyan). Right: empty guide dispersion for a radius of 10 um (black), 20 um (blue) and 40 um (red).
Medium and guide dispersion are defined by Eq. C1.12b.

can be seen in Fig. C1.12.

Temperature and Pressure

Temperature and most notably pressure are interesting parameters to use from a practical point
of view. In contrast to the fiber geometrical parameters which are fixed once the fiber is de-
signed, the temperature and the pressure offer the possibility of an active control over the
dispersion as well as over the consequent phase-matching condition of the four-wave mix-
ing. The refractive index of the gas at temperature T and pressure P can be extrapolated from

the general Sellmeier equation at standard temperature and pressure conditions (Tg,Py) using:

P T
il (C1.13)

~ 2
ngas()\;P»T) N\/]- + (ngas()\,PO)TO) - l)P_() T

This equation shows that, pressure and temperature have similar influences but with op-
posite directions. Increasing the pressure/decreasing the temperature makes the gas more dis-
persive. Moreover, the temperature has less influence than pressure (since Ty ~ 273 K whereas
Py ~ 1 bar). Figure C1.13.a shows the influence of pressure and temperature modifications,
and, indeed shows that it is mostly impacting lower wavelengths where the gas dispersion is

predominant (see discussion above).

The position of the mean ZDW!* can be shifted with pressure or temperature modifica-
tion (see Fig. C1.13.b). A practical implementation of such a control will be presented in the

experimental results (see section C.2.3).

14 herein we focus on the mean dispersion and do not yet consider the effect of the resonances on the dispersion
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Fig. C1.13: a. Left: Mean effective index at different pressures of xenon in a fiber of 20 um radius at T =

273 K. Right: Same fiber design with a fixed pressure of 4 bar of xenon and for different temperatures.

b. Corresponding group velocity dispersion (D = -% % .

b) Resonances

Let us now consider the third and last term of Eq. (C1.11) introducing the resonances with the
silica struts:

> cot[¥()] e+1
kangz.R® Ve-1 2

(C1.14)

Ndiscont =

This term is significant only when the cotangent function diverges, that is, when ¥ (¢) = mn

with mm an integer. Since W (£) = ko ty/ n%; — n% s, this occurs when:

2t
Am=— N2, —nggs (C1.15)

which corresponds to the position of the resonances we found in Eq. (C1.9) when describ-

ing the wavelengths at which a strong coupling exists between the core mode and the silica
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cladding modes!'®.

Equation (C1.15) shows that the position of the resonances depends on the refractive index
of the filling medium. This is useful for sensing application as for instance in [122]. In our case,

2t

since n2 . ~ 1, it can be simplified into A, = % n?l. — 1. Thus, we will assume that the position

gas
of the discontinuities solely depends on the silica strut thickness ¢.

Figure C1.14 shows the dispersion of IC-fibers calculated from Eq. (C1.10) with different
values of t. For a small ¢ value, the dispersion is free of discontinuities in the usual transmis-
sion range of such fiber which covers visible to infrared wavelength. It is useful to note that,
when considering a fiber with a parameter ¢, the first resonance (i.e. the highest wavelength
resonance) is roughly at A; = 2¢. For instance, a fiber with silica strut thickness ¢ = 200 nm has
its first discontinuity in the blue at 420 nm while the others are at lower wavelength in the UV
region. As t increases, the discontinuities are red-shifted such that more and more discontinu-
ities are present in this visible/IR spectral region, forming a multiband dispersion profile. As a
matter of fact, most fibers in the literature have silica strut thickness in the range ¢ € [250—3000]
nm. Therefore, when designing the fiber the number and position of the bands, and conse-
quently the number of ZDW can be well controlled by adjusting the silica strut thickness
parameter. Table C1.2 gives examples of resonance positions for the different fiber designs of
Fig. C1.14.

Tab. C1.2: The six first resonances as a function of the silica strut thicknesses. The numbers in
bold character correspond to resonances which appear in Fig. C1.14. As t increases, the reso-
nances are shifted from the UV to the infrared.

| A1 nm] | Az [nm] | A3 [nm] | Ay [nm] | As [nm] | A [nm] |

t =200 nm

t =400 nm 840

t =800 nm 1680 840 560

t =1600 nm 1680 1120 840 672 560

The next section describes the link between the multiband behaviour and the possibility to

access photon-pair with tailored spectral properties.

15 except that we were considering an empty cladding, such that Ngas = 1.
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Fig. C1.14: Effective index, inverse group velocity (1) and group velocity dispersion (GVD) of an
air-filled 20 um radius fiber for different silica strut thicknesses. As the silica strut becomes thicker,
the number of resonances increases and the dispersion is becoming more and more multiband. The
white dots represent the zero dispersion wavelengths.

1.4 Multiband FWM - Spectral correlation engineering

Since they modify the dispersion, the resonances play a crucial role in the phase-matching.

This is illustrated in Fig.C1.15 showing examples of spectral density map. We recall that the

spectral density map gives the wavelength of the generated photons as a function of the pump

wavelength. We have superimposed the corresponding angle 6 of the phase matching. For

comparison purposes, we have plotted the simulation results with (right hand side) and with-

out'® (left hand side) taking into account the resonances in the dispersion. Two observations

can be made:

- if the resonances are neglected, the SDM is composed of a unique branch denoted (S)

whereas when the resonances are incorporated, several branches exist ( (S’), (M1) and
(M2)). The branches (S) and (S’) are very similar, corresponding to a singleband FWM,

where the pump and the parametric photons lie in the same band (see second row of

Fig.C1.15). Thus, the most significant difference is the phase-matching branches (M1)
and (M2) (A, in the range [650-750] and [950-1200] nm, respectively). These branches

18 such simulation would also describes a fiber whose silica strut thickness is really thin, typically t <200 nm,
where all the discontinuities are in the UV region or below
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CHAPTER C1. SPECTRAL CORRELATION ENGINEERING AND FIBER DESIGN

correspond to a multiband FWM,; either the signal (M1) or the idler (M2) can be in a
different band from the pump.

- one can observe that whenever pump, signal and idler are within the same band ( (S) or
(§7)), the phase matching angle 6 mainly varies from —30° to —60°, thus corresponding
to correlated JSA whatever the pump wavelength!”. In contrast, when considering the
multiband FWV,, it exhibits a much larger range of phase-matching angle, which vary
from —90° to 90°. Therefore, in this multiband FWM, all three factorable states (i.e. 6 = 0°,
0 = 45°, 8 = 90°) become theoretically accessible. In this example a multiband FWM

described by (M1) favours a group velocity matching 1, = f1; whereas (M2) favours
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Fig. C1.15: Top: Simulation comparing the FWM spectral density map with and without neglecting
the effect of resonances in the dispersion. The parameters used are the one of the fiber experimentally
used (R =22 um, t = 630 nm, and P = 3.5 bar of xenon). The y-axis corresponds to the gap between
pump and signallidler frequencies Aw = |wp —wg;|. The color gives an additional information about
the angle 0 of the phase matching function. (S) and (S) correspond to a singleband FWM whereas
(M1) and (M2) correspond to a multiband FWM. The black cross describes our experimental config-
uration (A, = 1030 nm). The grey region corresponds to FWM where signal and idler are generated
close to the pump wavelength making their filtering quite difficult. Note that the lines have been
thickened for improved visibility. Bottom: Corresponding group velocity relations.

17there are some exceptions if the parametric photons are generated very close to the pump but in that case they
are difficult to separate from the pump.
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Consequently, the multiband dispersion profiles provide an unprecedentedly large control parameter-
space in setting the FWM wavelengths (i.e. pump, signal and idler). By positioning the three
involved wavelengths either in the same band (singleband FWM) or in different bands (multi-
band FWM), one can control the group-velocity relation between them to generate various

photon-pair states, from correlated to factorable.

In the following, we use the analytical model to identify a fiber design that exhibits a multi-
band FWM and which is compatible with our experimental environment (laser, gas, fibers

available).

1.5 Design of the gas-filled source

Among the numerous possibilities of fiber geometries, the design of the fiber has been chosen
such that:

- CONDITION 1: It allows a multiband FWM
- CONDITION 2: The idler photon is generated in the telecom band

- CONDITION 3: The source is Raman-free

The experimental parameters span a four dimensional space defined by {R, t, gas choice,
gas pressure}. In practice, temperature is also a parameter but since it has the same effect
as pressure, it can be discarded. Thanks to the description of the model, we know that it is
responsible for the resonance positions whereas the radius and the gas allow to manipulate the

mean dispersion to which the phase matching is related.

a) Setting the resonances between pump and signal/idler

Our pump laser wavelength is infrared (A, = 1030 nm) and as we want the idler photon to be
in the telecom range (A; ~ 1550 nm), hence, the signal is expected around A ~ 770 nm due to
energy conservation. Thus, in order to have a resonance in between the pump wavelength and
one of the parametric photon, it is required to have either a resonance around ~ 1300 nm (in

between pump and idler) or at ~ 900 nm (in between pump and signal).

As previously discussed, the position of the resonances of an IC fiber is given by A, =
%\/IASTI . By rearranging this equation, one can easily find which are the compatible sil-
ica strut thicknesses giving rise to a resonance at either 900 or 1300 nm. Figure C1.16 presents
a non-exhaustive list of possible silica strut thickness parameters associated with a multiband

profile with resonances at these wavelengths.
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Fig. C1.16: Different configurations exhibiting a resonance in between one parametric photon (either

signal or idler) and the pump wavelength. The dashed rectangle designates the design chosen for the

experiment. The other parameters used in the simulations which have no influence on the resonances
aresetto R=20um, and ngqs = 1.

b) Noble gas for Raman-free generation

As far as the gas choice is concerned, in principle, many gases can be used. The only require-
ment is to apply the same strategy as we used in part B, consisting in avoiding a spectral overlap

between Raman-scattering and FWM.

Nevertheless, working with noble gases (Fig. C1.17 ) makes the situation much simpler. Be-
ing mononatomic, they are completely devoid of Raman-scattering noise [24, 135] (see section
B.3.1). Argon and xenon belong to this family and since they were already available in the lab-

oratory facility, we naturally opted for these. Their respective refractive indices are (Sellmeier

equation):
s 0.00322869 .\ 0.00355393 .\ 0.0606764 €1L.16)
n = .
xenon 46.301-A"2 59578 —A"2  112.74—\"2
- 2.50141x1073 . 5.00283x107* N 5.22343x10~2 €L17)
n = .
argon 91.012—-A"2  87.892—-A"2  214.02— A2
with A in pm.
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neon argon ; krypton
Ne] Ar | Kr
10 18 36

Fig. C1.17: The different noble gases and their atomic number. The higher the atomic number, the
higher the non-linearity. Note that radon is radioactive.

c¢) Phase matching condition

In addition to the multiband dispersion, the configuration must also fulfil the phase-matching
condition between the involved wavelengths. The analytical model describing the dispersion is
used to find the fiber configurations that satisfies 2B(A,) = B(As) + B (A;) at these specific wave-
length. As the parameter ¢ is already constrained to a set of values (with a small tolerance) for

positioning the resonances, we are left with two free parameters: radius'® and gas pressure.

Figure C1.18 shows the results of simulations for different t values (associated with a multi-
band dispersion, see Fig. C1.16). Despite some exceptions'® for any given core radius value,
pressure can be found where a FWM involving the wavelength of interest is achieved. For in-
stance, a fiber defined by (R = 40 pm; ¢ = 430 nm) fulfils the required phase-matching when
filled with either 3 bar of Xe or 16 bar of Ar. For almost any fiber geometry (core radius R and
t fixed), tuning the pressure to the right value enables a four-wave mixing.

d) Nonlinearity

Another main tendency that can be deduced from Fig. C1.18 is that the lower the radius, the
higher the gas pressure required to achieve phase matching. We have seen previously (see Eq.
(A2.3)) that the number of generated photon-pairs Ny,;; is proportional to the square of the
nonlinear index of the gas ny, and inversely proportional to the power fourth of the fiber radius.

Ny 2
Npair (?) (C1.18)
Moreover, a gas nonlinearity is linearly proportional ?° to its pressure such that:
P2
Npair o (ﬁ) (C1.19)

Therefore, the fact that lower radius requires stronger pressure for achieving the phase-

matching has a strong beneficial effect to increase the nonlinearity. Although they are both

18 jn practice, there are some limitations in the fiber drawing process. For instance if one desires a thin silica strut

thickness, then it is generally easier to aim a small radius than a large one.

19 for instance (R < 12 pm; ¢ = 625 nm) exhibits no phase-matching solution or alternatively (R = 20 um; ¢ = 1875)
has non-unique solutions with a phase-matching at both 16 bar or 30 bar of xenon.

20except at very high pressure (> 50 bar) where the gas may enters a supercritical regime [135, 136]

118



CHAPTER C1. SPECTRAL CORRELATION ENGINEERING AND FIBER DESIGN

I _____________ -
*.30 30 Actual t=625nm I
5 | Actua I
£ | I Fiber radius
© 20 I
% |
o
= I
210
@ I
©
© I
0
10 20 30 40 50 I
Core radius [um] I
30 t=1250 nm t= 1875nm
= |
E \
s 20
=
@
&
210 XENON 10
3
U
0 0
10 20 30 40 50 10 20 30 40 50
Core radius [um)] Core radius [um)]

Fig. C1.18: Combinations of radius and gas pressure (either xenon or argon) allowing to obtain a
phase matching between the pump at 1030 nm, an idler photon at 1550 nm and a signal photon
at ~ 770 nm. The simulations are done for a fixed parameter t given in the top right corner and
temperature of 300 K. The dashed lines indicate the fiber design we will used in the following.

solutions to our phase-matching requirements, a source with parameters (R = 15 pm; ¢ = 430
nm; P = 30 bar of Xe) is expected to have 5000 times higher brightness?! than one with (R = 40
pm; ¢ =430 nm; P = 3 bar of Xe).

For xenon and argon, the nonlinearity is 7, = 9.210723 and 0.810723m?/W/bar, respec-

tively.

e) Propagation Loss

Propagation losses also increase with decreasing core radius (R~ for IC-tubular and R™3 for
IC-kagome fiber [134]) which forces a compromise between loss and brightness. With a radius
around tens of micrometers, the losses are remarkably low (= 10—100 dB/km) at a central wave-
length in a given transmission band but they increase rapidly as the wavelength approaches a
band-edge. None of the involved wavelengths A, A5, A; should therefore be too close to a dis-
continuity, which must be taken into account in the fiber design in order to enable efficient
FWM.

21 100 times more due to the higher pressure, and 50 times more due to the smaller core
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Fig. C1.19: Dependence of the gas nonlinearity n, with pressure at 293 K for xenon, krypton and
argon. The nonlinearity of fused silica is included for comparison. Above 58 bar, xenon becomes a
supercritical fluid which explains the change of behavior. The plot is extracted from [136]

The influences of the different parameters on the source properties are summarized in Ta-
ble C1.3.

Tab. C1.3: Summary of the different parameter influence.

Silica strut thickness sets the resonance positions (Eq. C1.15)
t

related to the mean dispersion (Eq. C1.12b)
Radius nonlinearity Npajr o< 1/ R*

R modal content (number of modes increases with R)
losses o< 1/R3 (Kagome) or 1/R* (Tubular)

Gas nature related to the mean dispersion (Eq. C1.12b)
absence of Raman-scattering in noble gas

Gas pressure active parameters for achieving phase-matching
P nonlinearity Npair < P

1.6 Chosen design

For the experimental implementation an IC tubular composed of 8 tubes, with strut thickness
t =625 + 20 nm, has been chosen. The inner core fiber radius of 22 + 1 um offers a good trade-

off between loss and generation efficiency. A cross-section of the fiber is shown in Fig. C1.20.a.
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Its main optical properties are described in Fig. C1.20.b-f. The low transmission around 650 nm
and 1300 nm confirms the expected positions of the resonances. As a result, signal and pump
are indeed in a different band from the idler. According to the simulation given below (Fig.
C1.20.e), the phase-matching between the infrared pump and an idler photon in the telecom
is achieved when filled with either ~ 4 bar Xe or ~ 18 bar of Ar. The associated inverse-group
velocities (1) at 4 bar of Xe is computed in Fig. C1.20.d. This multiband FWM is fulfilling

B1,s <P1,p <Pi1,; which is the first requirement to obtain a factorable state®?.
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Fig. C1.20: a. Fiber cross section. b. Recorded transmission with a supercontinuum source clearly
showing the multiband behavior. Note that the peak at 1050 nm is a measurement artefact due to the
supercontinuum pump. c. Simulated effective refractive index, d. inverse group velocity when filled
with 4 bar of Xe at 300 K, e. Phase-matching condition as a function of pressure (silica strut thickness
of t =625 nm) and f. Computed SDM

22 a5 described in Section C.2.3 the second requirement is a condition that link the fiber length to the spectral
width of the laser
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|Conclusion |

This chapter described the guidance mechanism of inhibited coupling fiber and an analytical
model that links the fiber parameters to its dispersion. It is noteworthy that this very simple
model involves only three design parameters, namely fiber core diameter, strut thickness and
gas refractive index without adjustable parameter whatsoever. A detailed description of the in-

fluence of each of these parameters on the four-wave mixing properties has been given.

The model allows to predict that gas-filled hollow-core fibers provides a versatile platform for
FWM generation of photon-pair states. In particular, we show how the intrinsic multiband
dispersion of IC fibers can be exploited to access multiband FWM and, therefore, to tailor the

photon-pair spectral correlations.

We have designed a fibered photon-pair source compatible with our pump laser at 1030 nm
with the further advantage of (i) allowing the generation of spectrally factorable state (ii) being
Raman-free and (iii) generating the idler wavelength at telecom wavelength and the signal in
the range of atomic transitions and Silicon single photon detectors. The next step is the exper-
imental confirmation of these promising predictions and the next chapter describes the Joint

Spectral Intensity tomography characterization that we have implemented.

Table C1.4 summarizes the different fiber parameters.
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Tab. C1.4: Summary of the parameters of the designed GF-HCPCF

Inhibited-coupling fiber filled with 3.5 bar of xenon

Length Liper =1 m
Fiber radius R ~22um
Mean Field Diameter MFD ~ 34.5um

Gas linear refractive index

Ngas —1=6.9107*

Zero Dispersion Wavelengths

Azpw = [1588,741,480,...] nm (@0 bar)
Azpw = [1592,830,600,...] nm (@3.5 bar)

Mean Dispersion

Blw) = X%, proF

Po = —4.7253552831760 x 103 m™!
p1 = 3.348057042450029 x 107 m~!.(rad.s 1)~}

(when filled) p2 = —2.800594014367931 x 1072’ m~!.(rad.s 1) 2
p3 =9.071092214869253 x 10743 m~!.(rad.s™) 73
pa = —1.591068992461979 x 1078 m~!.(rad.s"})~*
ps = 1.523372019192271 x 10" m~'.(rad.s™ 1) >
Pe = —5.889602718617450 x 1079 m~!.(rad.s"1) 6
Resonances [1312 nm, 660, 440, ...]

Non linearity

ny =3.210722 m2/W (@3.5 bar)
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Joint Spectral Intensity tomography
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This chapter is dedicated to the measurement of the joint spectral intensity. We first intro-
duce the stimulated emission tomography technique which allows a fast and highly resolved
measurement of the JSI. Then, we use this technique to measure the JSI of the gas-filled IC-
HCPCE More specifically, we study how the JSI can be manipulated by varying parameters re-
lated to the medium, such as the gas pressure or the fiber length. Finally, we detail how the
JSI can be also tailored by modifying the pump beam spectral properties (central wavelength,
FWHM, chirp) thanks to a pulse-shaper.

2.1 JSA characterization techniques

There are many different approaches! to measure the joint spectral properties of photon pairs
[137]. The most direct measurement would be to record signal and idler frequencies over a large
number of successive events in order to infer the probability distribution, it is difficult in prac-
tice as single photon detectors do not resolve frequency. Historically, one of the first technique
is the spectrally resolved coincidence counting [39, 138] which uses monochromators before
the signal and idler SPDs. The monochromator consists of a grating followed by a slit whose
position determines the selected frequency window. In this configuration, the number of co-

incidences recorded on the SPDs gives one pixel of the two dimensional JSI. To reconstruct

1 See [137] for a description and comparison of the different techniques (spectrally coincidence counting, single-
photon spectrograph, diagonal Fourier transform, etc).
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the entire JSI, one has to repeat the measurements with all possible combinations of wg, w;
by moving one slit while keeping the other fixed and vice versa. However, this technique is
quite unpractical since the rate at which coincidences are observed is very low, even for bright

sources [137].

Among all the existing techniques for characterizing the spectral correlations, one of the
most efficient and with the highest resolution is the Stimulated Emission Tomography (SET)
[139, 140]. It relies on an equivalence between the phase-matching of the spontaneous process
and its corresponding stimulated process (Fig. C2.1). Typically the resolution can reach 100 x

100 pm (signal x idler) [139, 140] with acquisition time of only a few minutes.

Spontaneous FWM Stimulated FWM
e —
w
S Ws

Fig. C2.1: Comparison between Spontaneous and stimulated four-wave mixing processes. In the
spontaneous regime, only the pump field is injected and generates signal and idler photons from
vacuum fluctuations. In the stimulated regime, a second field at signal or idler wavelength is injected
along with the pump. The thickness of the arrows are relative to the intensities.

The underlying assumption is that the JSI in the stimulated regime is an amplified version?
of the JSI in the spontaneous regime (see Eq.C2.1). The amplification factor is approxilmately

equal to the average photon number Ngeeq 0f the coherent seed [139]:
JSIstim = Nseed % JSIspont (C2.1)

Thus, working in the stimulated regime provides an increased signal-to-noise ratio by several
orders of magnitude. Thus, the main advantage is that SET allows replacing the single photon
detectors with fast and spectrally resolved classical detectors (spectrometer, optical spectrum
analyser) provided an additional laser is used at signal or idler wavelength to seed the process.
Nevertheless, to guarantee the equivalence between spontaneous and stimulated JSI, one has
to make sure that the variation of the stimulated generated signal power remains linear with

seed power [137, 140, 141] (i.e small parametric gain regime).

More precisely, SET tomography requires a seed laser which is tunable and whose spectrum
is much narrower than the pump. It can be equally used either to stimulate signal or idler pho-

ton. When the seed is at idler (signal) frequency, each recorded spectrum gives one horizontal

2 more precisely, one has also to consider the modal content. Indeed only the mode (e.g. polarisation, spatial

mode) of the seed is amplified.
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2.2. Experimental tomography setup

(vertical) slice of the JSI. By tuning the seed, different slices can be recorded in order to do a full

tomography of the state (see Fig. C2.2).

N /\ /\ AN

Ws Ws Ws Ws Ws

Ws

Fig. C2.2: Principle of the JSI reconstruction with SET. For each value of seed frequency the corre-
sponding spectrum of the signal is recorded. These spectra correspond to an horizontal slice of the
JSI. Adding all the slices numerically allows to reconstruct the JSI. Note that the different slices must
be normalized by the seed power coupled in the fiber.

Standard SET, as most tomography techniques, measures only the joint spectral intensity
without accessing the phase. The ability to measure the joint spectral phase may be useful as
signal and idler can exhibit entanglement in their phase, especially in the case of complex tem-
porally elongated pump pulse. In this context, SET can be extended to also measure the joint
spectral phase, as demonstrated in [142]. Nevertheless, if the pump pulse is Fourier transform-

limited, it is generally accepted that measuring the intensity is enough [137].

2.2 Experimental tomography setup

Our SET experimental characterization setup is shown in Figure C2.3. Both pump and seed
lasers are fibered. We use an Ytterbium pulsed pump laser (Satsuma, Amplitude Systems)
at Ap = 1030 nm with 280 fs pulse duration at 2 MHz pulse repetition rate and the average
pump power injected in the HCPCF is 60 mW. The seed laser used to stimulate the FWM is
a continuous-wave Erbium laser tunable from A; = 1530 nm to 1560 nm (T100, Yenista). The

seed power injected in the IC-HC-fiber is around® 100 mW, which corresponds to a power of 50

3 in later experiment, the configuration is Ppump =260 mW and Pgeeq = 10 mW
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nW effectively involved in the FWM process* because of the duty cycle of the pump. Both laser
polarizations can be controlled independently with two halfwave plates (HWP).

The fiber ends are inserted into gas-cells (see inset) with a pressure monitoring and glass win-
dows for optical power injection. Injected into one of the cells, the gas fills the fiber core and
an equilibrium between the two gas cells is obtained within less than an hour. At the fiber out-
put, the generated signal at ws = 2w, — w; is filtered with dichroic mirrors (DM) and sent to a
spectrometer (SILVER-Nova StellarNet). The seed power is monitored so that any power change

when tuning w; can be captured and to normalize the data of the various slices.

Note that the spectrometer is preliminary aligned thanks to the generation of a supercon-
tinuum. In fact, the repetition rate of the pump laser is lowered to 200 kHz and the average
power is set to ~ 1 W in order to obtain ~ pJ pulses. With such energy and the high nonlinear-
ity of xenon, the pulses generate a supercontinuum within the gas-filled fiber covering all the
spectrum from the infrared to the UV. At the fiber output, a first dichroic mirror DM2 extracts
the wavelength range 690-810 nm from the supercontinuum which can be used to align the
different optical elements before the spectrometer. There are two additional DM2, not shown

in Fig.C2.3 and a lens to couple to the spectrometer in free space.

1550 nm
Tunable

1030 nm
280 fs 'T
2Mhz E
— HWP
\ Gas Cell Gas

Fig. C2.3: Experimental setup for the stimulated emission tomography. Pump, signal and idler are
represented in green, violet and red, respectively. The inset shows a photo of the gas cells and fiber.
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By progressively increasing the pressure, one can find the pressure value that allows pump
and seed to interact in a stimulated FWM. With the seed at 1550 nm, the phase-matching is
achieved with 3.4 bar of xenon. At such pressure, a strong signal around 770 nm is recorded on

the spectrometer (see Fig. C2.4.a).

Moreover, in order to make sure that our measurements would be valid in the spontaneous

4 which means ~ 10° photons per pump pulses which is much smaller than the typical = 10° photos/pulse of the
pump.
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regime, the power dependence of the power generated at signal frequency has been measured
as a function of pump power and seed power. Figure C2.4 shows the results confirming the
linear dependence versus seed power and quadratic dependence versus pump power, thus val-

idating that our experimental results are transferable to the spontaneous regime [137, 140, 141].
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Fig. C2.4: a. Recorded signal spectrum while the fiber is filled with 3.4 bar of Xe and with the seed
laser at 1545 nm. b. Power generated at the signal frequency as a function of the seed power (blue
dots) and of the pump power (red squares) at the fiber output obtained by integrating the spectrum

measured with the spectrometer. The solid lines correspond to a perfect linear and quadratic depen-
dence (log scale).

Once the FWM is obtained by setting the right pressure inside the fiber, one can sweep the
seed laser frequency to record different spectra (slices of the JSI) in order to reconstruct the full
JSI of the source.

In the following, we reconstruct the JSI of the gas-filled fiber for different experimental pa-
rameters. We remind that the JSA is the combination between, on the one hand the energy
conservation function (associated to the pump), and on the other hand the phase matching
function (associated to the medium). We focus first on parameters associated to the phase-

matching function (fiber length, gas pressure) as described in the next section.

2.3 Experimental JSI (Phase Matching Engineering)

a) Length variation

Let us begin by performing the tomography for different fiber lengths. The measurement is
performed for a length of one meter and then repeated for shorter and shorter sections of the
same fiber. Figure C2.5 shows a comparison between experimental and simulated JSI as well as
the associated Schmidt number for fiber lengths going from 40 to 100 cm for the fiber filled with
3.4 bar of xenon. With 1 meter, the phase matching function (red dashed lines) and the energy

conservation function (blue dashed lines) have about the same width, resulting in an almost

128



CHAPTER C2. JOINT SPECTRAL INTENSITY TOMOGRAPHY

round JSA. As the fiber becomes shorter, the width of the phase matching function broadens
(Ad x %, see section B.2.1) such that the JSI stretches along the anti-diagonal. Intuitively, as
the fiber length decreases, the momentum conservation is more and more relaxed such that
the FWM becomes more and more constrained through energy conservation, which bears the
correlations. By simply reducing the fiber length, the bi-photon JSI changes from the shape
of a nearly separable states into that of a correlated state. This can be seen on the associated
Schmidt decomposition: as the length reduces, the Schmidt number increases. In the current
setup, the minimum fiber length is limited to around 30 cm, mostly due to the size of the two

gas cells.

The lobe-shaped region in the top right corner of the JSI profile is attributed to the non
perfect Gaussian spectral shape of the pump laser pulses. Such shape may be due to residual
self-phase modulation taking place within the pump laser® and could be removed using ap-
propriate filters prior to the HCPCF or pulse shaping techniques. The parameters used in the
simulation are t = 630 nm, Regr = 22 um and P = 3.4 bar. The Sellmeier equations of xenon is

given in Eq. C1.17.

b) Pressure Variation

The effect of pressure variation on the phase-matching function (and thus of the JSA) is twofold:

Firstly, as pressure increases, the signal and idler fulfilling the phase matching condition
are further and further apart from the pump central frequency. Using the same fiber, this ef-
fect is demonstrated by characterizing the JSI of the source as a function of gas pressure, for
two different gases, argon and xenon. For instance, we measure that changing the xenon pres-
sure from 3.00 bar to 3.65 bar shifts the idler wavelength from 1531 to 1551 nm and the signal
wavelength from 776 to 771 nm. Similarly, the same effect is observable with argon when the
pressure is modified from 14 to 17 bar. The experimental results are described in Fig. C2.6. As
the pressure increases, the JSI moves along the anti-diagonal which means that signal wave-
length is blue-shifted and idler wavelength is red-shifted. A linearization of the measured data
gives a sensitivity of Aw = 27.4 Thz/bar in Xe and 5.6 Thz/bar in Ar, which is two orders of mag-
nitude higher than the sensitivity reported in a recent work on temperature tuning in solid core
fibers (0.1 Thz/°C) [143]. Moreover, the gas can be chosen depending on the desired sensitivity.
For instance, xenon is a good option for high sensitivity whereas neon is more suitable for low
sensitivity. Figure C2.7.a shows a comparison between the effect of xenon, argon and neon fill-
ing in this HCPCE

5 a modulation is observed in the laser datasheet. Note that this defect will disappear later on after a change of

laser.
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Fig. C2.5: Top, comparison between experimental (1st row) and simulated (2nd row) JSI for different
fiber lengths when filled with 3.4 bar of Xe. The red dashed lines delimit the phase-matching function
& whereas the narrow blue ones delimit the energy conservation function. The simulation takes into
account a modulation in the Gaussian shape of the pump laser spectrum to reproduces the residual
side lobe. Bottom, corresponding Schmidt number and Schmidt decomposition (assuming no phase
correlations).

Secondly, the simulation also predicts that changing the pressure slightly rotates the angle
0 of the phase matching. In our experimental configuration (A, = 1030 nm and P = 3.4 bar),
the phase matching angle is expected to rotate by around ~ 6° per bar of xenon. However, our
measurement range is still too restricted to observe such an effect, due to the limited seed laser

wavelength tunability.

Both effects of the rotation of phase-matching angle 0 and the shift of the JSI occur simul-
taneously. Adjusting 6 can be used, for instance, to fine-tune the purity of a heralded single
photon source. Alternatively, the signal/idler wavelength tuning is useful for instance to aim at
a specific telecom channel or atomic transition. Nevertheless, if one wants to tune the wave-
length of one photon while keeping the angle constant or vice-versa, it is possible to decouple
the two effects by changing the pump wavelength. Figure C2.7.b presents an example of the

large range of angles 0 that can be obtained while generating an idler photon at 1550 nm.
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Fig. C2.6: JSI as a function of gas pressure when filled with xenon and argon. Changing the pressure
allows to shift the JSA along the anti-diagonal. The fiber length is 1 meter.
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Fig. C2.7: a. Central position of the JSI idler wavelength as a function of gas pressure, for xenon
(red circles) and argon (blue squares) and comparison with the simulation. The measurement range
shaded in gray was limited by the tunability of the seed laser. b. Possible configurations of gas pressure
and pump laser leading to the generation of an idler photon at 1550 nm. The numerous possibilities
exhibit different phase matching angles 0 described by the color index. Note that the lines have been
thickened for improved visibility.

As we have seen that for our given HCPCE the sensitivities of the shift of the JSA depend
on the choice of gas. Nevertheless, it is noteworthy that it also depends on the fiber geometry.
As discussed earlier (see section C.1.3) the dispersion results from two contributions, the gas
dispersion on the one side, which is pressure- and temperature-dependent, and the guide dis-
persion on the other side. Thus, depending on the weight of one relative to the other, the mean
dispersion is more or less sensitive to a change of gas refractive index. For instance, fibers with
large core have a lower waveguide dispersion. Consequently they will be more sensitive to a
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2.4. Pulse shaping

change of gas refractive index, caused by a pressure modification. Alternatively, smaller core
or fiber filled with light atomic weight gases, will be less sensitive to a change of gas refractive
index as the waveguide dispersion will be predominant. This is an example of the numerous
possibilities offered by gas-filled HCPCE

As a result, we have seen how the JSA could be engineered through the phase-matching
function ¢. We want to show in the next section that it can also be tailored by modifying the
energy conservation function a(ws, w;). This can be accomplished with pulse-shaping tech-
niques which are well established in the field of ultrafast optics [144]. They allow to tailor both
temporal and spectral shape of our pump pulses. Let us first introduce the pulse-shaper de-

vices.

2.4 Pulse shaping

a) Definition

A short pulse is most often represented by its spectral amplitude A(w) and phase ¢(w) such

that: E(w) = A(w)e’®). A pulse shaper is a device allowing to modify these features.

Ein() J\ e “/\/‘ Eout(#) = M(£) * Ein (1)
— >

Shaper

M(w)

Fig. C2.8: Principle of pulse shaper techniques allowing to modify the temporal and spectral profile
to an arbitrary shape.

The two most common technologies of arbitrary pulse shaping are®:

¢ the ’4f-line’ which most often consists of a spatial light modulator (SLM) inserted into
the Fourier plane. Itis achieved by a first grating spatially diffracting the different spectral
components of the pulse which are then focused with a lens on different pixels of a SLM.
Being spatially separated on the SLM, each frequency can be addressed individually with
an arbitrary phase or optical density in order to shape the pulse. Finally, after the SLM, a
second combination of lens and grating allows the recombination of the frequencies into

a single collimated beam (see Fig. C2.9.a) .

» the AOPDF : acousto-optic programmable dispersive filter (also called Dazzler). It relies
on a longitudinal interaction between the optical pulse and an acoustic wave propagat-

ing in a birefringent crystal [145, 146]. The optical pulse is initially propagating along the

6 for a complete review see [144]
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fast polarisation ordinary axis of the crystal. The pump is diffracted onto the slow axis
of the crystal whenever the optical frequency w fulfills a phase-matching of the form:
k’slow(w) = l;ac(wac) + %fast(m) where ’ac’ denotes the acoustic wave and ’slow’ and ’fast’
denote the wavevector along the fast and slow axis of the crystal [144]. In practice acous-
tic wave is polychromatic with a frequency that is varying along the crystal. In this con-
figuration, each spectral component of the pump is switched to the slow axis at different
positions in the crystal. As the group velocities of the fast and slow axis are different,
one gets a different arrival time at the output of the crystal for each wavelengths (see
Fig. C2.9.b). Thus, by controlling the acoustic wave spectral content, one can modify the
phase relations between the different optical wavelength constituents of the diffracted
beam. Moreover, the amplitude of the wavelength constituents can be also adjusted by
controlling the acoustic wave intensity and therefore the diffraction efficiency. With a
control of its amplitude and its phase, the diffracted beam can be shaped to any arbitrary

form.

Both systems have their advantages depending on the targetted applications. AOPDF may
exhibit a lower attenuation and a higher damage threshold and ’4f-line’ has a better resolution.
The main differences between the two systems are the temporal synchronization and the mask
setting time.

AOPDF requires to temporally synchronize the optical and acoustic pulses so that they interact
at the same position within the crystal from pulse to pulse. Since the generation of acoustic
wave is of the order of the kHz (up to’ 100 kHz), this constraints on the pump pulses repetition
rate. In fact, in the regime where the pump repetition rate is fast (~ MHz) compared to the
repetition rate of the acoustic wave, AOPDF can possibly be used without synchronisation with
a limited impact on the pulse to pulse reproducibility.

An advantage of "4f-line’ is that, once oriented, the liquid crystals mask in the SLM do not need
to be changed [144]. Thus, for a given mask, since there is no need for synchronisation, the
pump repetition rate is not limited. Yet, a limitation arises when one wants to change the mask
from pulse to pulse. Since SLM have a really slow response time (~ 60 Hz), the repetition rate
would be highly limited .

In the end, when choosing between one pulse shaper device or another, one has to consider,
in addition to the global performances (see for instance Table C2.1), the repetition rate of the

laser and whether the mask has to be changed from pulse to pulse.

7 fastest commercial product from Fastlite
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2.4. Pulse shaping

Tab. C2.1: Comparison between a commercial ’4f-line’ (Finisar) and AOPDF (FastLite) pulse
shapers.

’4f-line’ AOPDF
Resolution 0.1 nm 0.5 nm
Maximum Attenuation 25dB 45 dB
Damage threshold 500 mW 4W
Setting time <500 ms 3 ms
Repetition rate N.A (stationary) kHz

Ordinary
(fast axis)

ALLIRMRN
\ 3\\\“\

N

Femtosecond
pulse in

Shaped

b Extraordinary -
pulse out

(slow axis)

Fig. C2.9: Principle of a. the '4f-line’ and b. the acousto-optic programmable dispersive filer
(AOPDF). FP designates the Fourier plane, where the SLM is inserted. Sketchs from [144].

b) Adapt in the experimental setup

In order to shape the pump spectral properties, an AOPDF (HR-1030, FastLite) is added at the
pump laser output®. In our case, we have decided to work with AOPDF since it was already
available in our laboratory facility. The new setup is shown in Figure C2.10. Prior the AOPDE
a half wave plate aligns the pump polarization with the fast axis of the crystal. The acoustic
wave inside the crystal is created by a RF-generator. The shape of the acoustic wave is com-
puter driven, allowing both the amplitude and phase of the pump spectrum to be controlled.

Moreover, a few minor changes have been implemented in the setup®.

An example of measured spectrum (raw data) recorded in this new configuration is shown
in Fig C2.11. With a couple of dichroic mirrors (DM2, DM3), the pump is eliminated below the

noise level of the spectrometer.

8 note that aligning the AOPDF is quite straightforward and can be realized with minor modification of the setup
in only a few hours.

9 for practical reasons, the pump laser is changed to the same model with 250 fs pulses instead of 280 fs previously
and the spectrometer to a HR4000-Ocean Optics (instead of the StellarNet).
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Fig. C2.11: Example of raw data recorded by the spectrometer. The seed is not present since the spec-

trometer is insensitive to telecom wavelengths. Here the pump power is set t0 Ppymp = 650 mW and
the seed t0 Pgppq = 10 mW

2.5 Experimental JSI (Pump spectrum Engineering)

Let assume than the pump is described by a Gaussian, then, the pump spectrum is described by

three features, (i) the central frequency, (ii) the spectral amplitude and (iii) the spectral phase:

~(w-o0p)?

EL(w)=Ege =i @ (C2.2)

Thanks to the pulse shaper, the laser central frequency wy, the spectral width o, and the
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phase can all be mapped to a new value.

Laser pulse E, — Shaped pulse E,
o, —0 (with 0 < o1)

PL(w) — p(w)

We remind that the energy conservation function is the convolution of the pump with itself.
For a Gaussian of width 0 and mean g, the autocorrelation remains a Gaussian whose width is
O« = V20 and mean g, = 2. Therefore, considering a transform limited pump of the form

E,(w) =Eyp e~ (©=0p)?/ 202, the energy conservation function is given by:

apr(ws, w;) = [Ep * Epl(ws + w;) (C2.3a)

:fdoo Ep(WEp(ws+w; —w) (C2.3b)

(wx+wi—2wp)2

= VroE2e  w? (C2.30)

With the AOPDF programmed to shape a Gaussian, we performed JSI tomographies for

different bandwidths o, different central frequencies w, and different phases.

a) Pump width variation

We have seen previously that the amount of spectral entanglement is related to the ratio be-
tween the energy conservation width Aa and the phase matching width A® (see section A.2.1).
In this context, we have already experimentally demonstrated how A® can be varied with the
fiber length in order to change the shape of the JSI from separable to correlated (Fig C2.5). Al-
ternatively, one can also control the energy conservation width Aa = v/20 with the pulse shaper

for that same purpose.

Since the new spectral shape E, (w) is extracted from spectrum Ep (w), the shaped width can
only be equal or smaller than the one of the laser (o < oy) as illustrated in Figure C2.12.
Several JSI tomographies are performed for increasing values of . The experimental JSI are
shown in the first row of Fig. C2.13. All other parameters (fiber length, pressure, central fre-
quency) are kept constant. The second row shows the corresponding simulated JSI, where the
energy conservation and phase matching are superimposed in red and blue dashed lines, re-
spectively.

For o = 1.7 nm, the energy conservation width is narrower than the phase matching width
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Ep(w)

w

Fig. C2.12: Example of shaped spectra E,(w) (filed blue curve) with different widths o. The initial
pump laser spectrum Ey (w) is represented by dashed red lines.

O=17nm O=33nm O=66nm O=7.5nm

1560

1550 l

1540 0.8
0.6

-

153974 776 778 780

1560
— 1550
~ 1540

1530

774 776 778 780

0.4
0.2

o

Ay [nm]
i 1 ‘ I
MS- \ y I
o p |
e t
1 i e O W SO
0 ) 5 8 10

Fig. C2.13: Top, comparison between experimental (1st row) and simulated (2nd row) JSI for differ-
ent values of pump spectral width. The other parameters are fixed (L = 1 m, P = 3.4 bar of xenon,
Ap =1033.5). The blue lines delimit the phase-matching function whereas the red lines delimit the
energy conservation function. Bottom, corresponding Schmidt number and Schmidt decomposition
(assuming no phase correlation).

(Aa < AD) resulting in an elliptic JSI along the anti-diagonal. Such a form is a signature of spec-
tral correlations!®. This is confirmed by computing the associated Schmidt number which is
estimated to be K = 2.36. As ¢ increases, the JSI morphs into a more and more circular shape,
thus approaching a factorable state. Again, this is confirmed with the Schmidt number which,

in this configuration, is close to unity (K= 1 — factorable).

10 more precisely, correlations with negative sign (anti-correlation) since the ellipse is along the antidiagonal de-

fined by ws — w;
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This effect is similar to what was observed when changing the fiber length. From a practi-
cal point of view, changing o has the advantage of being reversible as opposed to a change of
length.

Note that the rebounds that can be observed on the experimental JSI when ¢ = 1.7 nm are
attributed to the pulse shaper. When the width of the desired profile approaches the pulse

shaper resolution, such oscillations can be observed.

b) Central wavelength variation

Let us now consider the effect of varying the pump central frequency. In principle, one could
use a tunable pump laser. Since our pump laser central frequency is fixed (at A, = 1033 nm),
we use the pulse shaper to map it to a new value. When the width of the shaped pulse is much
narrower than the laser width (0 << 0), the pulse shaper can be used to change the position
of the central frequency (see Fig. C2.14). However such a change comes at a cost- the further

apart the new central frequency, the lower the intensity.

Ep(w) /™

\

-

Fig. C2.14: Example of shaped spectra E,(w) (filled blue curve) with different central frequencies.
The initial pump laser spectrum Ey (w) is represented by dashed red lines.

In terms of JSI, changing A, is equivalent to moving the energy conservation function along
the diagonal in the {Ag, A;} plane (cf section A.2.1). Since the JSI is the intersection of « and @,
if a is shifted, the JSI is consequently also shifted.

Figure C2.15 shows the comparison between experimental and simulated spectra. The loss of
intensity while moving away from the central frequency of the laser is not clearly visible since
each recorded JSI is normalised to its own maximum!!. While Apo increases, the JSI shifts to-

wards the top right corner.

It is noteworthy that such shift happens with a different direction from what was observed
with the pressure tuning (see section C.2.3). When changing A, the JSI is shifted along the di-
rection of the phase matching (represented by blue dashed lines), whereas with the pressure

11 however one can observe that for the largest separation (A po = 1029 or 1037 nm), the background noise is much
more significant since the signal is lower.
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Fig. C2.15: Influence of a change of central pump wavelength on the JSI. The other parameters are
fixed (L=1m, P=34bar, ...).

variation, the JSI is shifted along the direction of the energy conservation (narrow red dashed
lines). Therefore, by tuning either the pressure and/or A, one can actively move the JSI in
two different directions of the 2D plane, meaning that, in principle, any position can be at-

tained.

Moreover, one can see that the JSIs of Fig. C2.15 exhibit some side lobes along the antidi-
agonal direction which are stronger than the expected rebounds of the sinc function'?. We
notice that their presence is related to the bending of the fiber. Indeed, by curving or stressing
the fiber, the dispersion of the fiber can be slightly change and produce other phase-matching

conditions resulting in sidelobes in the JSI [147].

As a result, both the shape and the position of the JSI can be controlled by tailoring the
amplitude of the pump with the pulse shaper. The control can be further extended by tailoring
the pump phase.

c¢) Phase variation - Chirp

Until now, we have considered a flat phase (a Fourier transform limited pulse). Let us now study
the more general case of an elongated pulse (chirped pulse). As described in section A.2.4, the
chirp is also important to take into account since it can induce temporal correlations between

signal and idler.

12this can also be noticed in Fig. C2.6
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A chirped pulse is described by:

(wpr)z

E,(w)=Ege 2 ¢l7@ 0’ (C2.4)

chirp

where C quantifies the amount of chirp (C = 0 — Fourier transform limited pulse, |C| >0 —
elongated pulse ). In practice C can be modified experimentally either with the pulse shaper or

as an internal parameter within the laser. It can have either positive or negative values.

Fourier transform limited Pulse with linear phase Chirped pulse

(quadratic phase)
[Ep(w)]

i
LA

IE, (1)

Fig. C2.16: The first row presents the spectral intensity (blue) and phase (purple) and the second one,
the associated temporal intensity (red). Whereas a spectral linear phase delays the pulse with no

modification of its shape, a spectrally chirped pulse has an elongated temporal width compared to
the Fourier-transform limited case.

With such a chirped pulse, the associated energy conservation function is given by'3:

2 2
j'[E _(ws+mi—2wp) .C 2
\/_ z . =~ e,Z(wSﬁLwﬁZmp) (C2.5)
/1 .
oz iC

This result can be compared to the Fourier transform limited pump case (Eq. (C2.3c)) such
that:

a(ws,w;) =

apr(Ws, W;) ei%(ms_,_u)i_gu,p)Z

Vv1-icg2C

And, consequently, since the phase-matching function ¢(w;, w;) remains unchanged whether
a chirp is added to the pulse or not, the JSA is:

a(ws, w;) = (C2.6)

_ Frr(ws, w;) ei%(w5+mi_2wp)2

Flws, w;) = (C2.7)
1-io2C

13the calculation is easily performed by replacing # in the non-chirped case by ﬁ —-iC
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where Fpr(w;s, ;) = apr(ws, w;) x (ws, w;) is the JSA when pumped with a Fourier transform

limited Gaussian pulse.

Looking at Eq. (C2.7), two distinctions with the Fourier transform limited are to be seen:

Firstly, the JSA is decreased by a factor V1-i02C. This means that the magnitude of the JSA
drops with increasing chirp. Thus, the Fourier transform limited case (C = 0) is the one exhibit-
ing the highest efficiency. In terms of intensity, the JSI is decreased by a factor: [vV1 - ic2C|* =
V1+04C2. This is verified experimentally as shown in Fig. C2.17 where a horizontal slice of
the JSI of the source is represented for increasing value of chirp. The chirp'? is controlled by an
internal parameter of the laser. Starting from the maximum value obtained at (C = 0), adding
a positive or negative chirp reduces the peak intensity for a constant pulse energy. Interest-
ingly, such simple measurement allows to estimate the amount of chirp of the pump pulse
at the fiber input!®. For instance, if one wants to avoid any chirp, maximising the measured
signal allows to eliminate the chirp, regardless of whether it comes from the laser or from op-
tical elements before the fiber (mirrors, waveplate, PBS). This effect is inherent to FWM as a
consequence of the autocorrelation of the pump. It does not occur in SPDC process (whose
energy conservation function is directly related to the pump spectrum and not to the autocor-

relation of the pump).

1t | | —0fs? 1 1 | | [—ow?

—-20 000 fg? 15 000 fs2

0.8 —-soo00rs?]| OB — 40000 fs?

—70 000 fs2

?_0.6' 0.6 S

<

=04} 0.4
0.2t 0.2t

Mt 0

750 760 770 780 790 800 750 760 770 780 790 800
signal [nm] signal [nm]

o] NP

Fig. C2.17: Measured spectra at the fiber output as a function of chirp. Left, negative chirp and right,
positive chirp. The other parameters are fixed (L =1 m, P = 3.4 bar).

Secondly, the term e’ ©s+0i=20,)" jn Bq. (C2.7) is a signature of spectral phase correlation
between signal and idler (see section A.2.4). To represent these correlations, one possibility is
to visualize the phase of the JSA (until now we have only represented the modulus of the JSA

|F|). Alternatively, one can also consider representing the JTA (= FT(JSA)). Indeed, the phase

4 more specifically, the parameter allows to control the temporal pulse width (at fixed spectrum).

15 providing a calibration step
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correlations in the spectral domain correspond to amplitude correlations in the temporal do-
main. Figure C2.18 shows simulations of the JTA of our source for different chirp values. As the
chirp increases, the JTA morphs into an ellipse along the diagonal. This means that signal and
idler temporal properties become more and more correlated. Note that the JSA shape remains

unchanged (shown in Fig. C2.18.c) whatever the chirp (only the phase changes and the mean
magnitude).

a. |C[=0fs*  |C|=15000 fs’

|C| = 40 000 fs* |C| = 70 000 fs*

500

t; [fs]

1
0.8
0.6
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-500 0 _ 0
b tg [fs] tg [fs]
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Fig. C2.18: a. Simulated JTA (F ) for different chirp values. The other parameters are fixed (L =1 m,
P =34 bar, ...). For simplicity, the sidelobes of the sinc have been neglected. b. Schmidt number as a
function of chirp. c. Corresponding JSA modulus (|F)).

From an exprimental point of view, our current experimental setup only measured the JSI.
Thus the phase information is lost and it is not possible to directly measure neither the phase of
the JSA nor the JTA. Yet, they can be indirectly deduced from the measurement of the chirp (Fig.
C2.17) and from the simulation. In practice, it would be possible to improve the tomography
setup such that it is phase-sensitive as shown in [142] 6.

16 in this alternative setup [142], the seed is not anymore coming from a different laser, but directly from the pump
laser
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Summary of the results and Conclusion

In this chapter, the experimental results obtained with noble gases validate both the model and

the concept of JSI manipulation.

A large dynamic control of the JSA has been experimentally demonstrated. To our knowl-
edge this is the first demonstration of a two dimensional shift of the JSA (either along « or along
®) and over more than Aw = 17THz. Moreover, the widths Aax and A® can be independently
tailored with the pump spectral width and the fiber length. In particular, changing the ratio
Aa/A® allows to control the amount of spectral amplitude correlations. Finally, the chirp al-

lows to tailor the spectral phase correlations.

PUMP PROPERTIES MEDIUM PROPERTIES
Central Wavelength Gas choice . . i .
N Signal and idler frequencies
Spectral enveloppe Gas pressure and temperature )
Spectro-temporal entanglement
C.pectrll phase Fiber Ienath

!

N=D

974 776 778 780
s [nm]

1560

ﬁ1550

~ 1540

Fig. C2.19: Summary of the links between the experimental parameters and the JSA.

Tab. C2.2: Impacts of the different experimental parameters.

Controlling the JSI position

pressure tuning shifts JSI along the direction of a
central Wavelength tuning shifts JSI along the direction of ®

Controlling the Correlations

fiber length modifies the spectral correlations (amplitude)
pump spectral width modifies the spectral correlations (amplitude)
chirp modifies the spectral correlations (phase)
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Raman-free photon-pair generation
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In this chapter, we present the characterization of the source in the spontaneous regime.
By performing count and coincidence detections, the brightness (i.e. the number of generated
photon-pairs per unit of time) and the signal to noise ratio of the source are experimentally

measured.

3.1 Experimental setup

As opposed to the stimulated emission tomography setup (Fig. C2.10), in the spontaneous
regime, the process is not seeded anymore. Thus, in the following experiments, the continuous
seed laser is removed and the spectrometer is replaced by single photon detectors. Moreover,
in the photon-pair regime, since a single photon-pair must be extracted from an intense pulse
containing ~ 10'° photons, an efficient filtering of the pump must be implemented. In this
source, the wide spectral gap (Av ~ 100 THz) between the pump, signal and idler frequencies
makes the experiment much easier than with the source described in Part B as standard op-
tics can be efficiently used (in particular dichroic mirrors and bandpass filters) to efficiently
suppress the pump and extract the parametric photons with relatively low loss. Furthermore,
due to the equivalence between the phase-matching conditions in spontaneous and stimu-
lated regime, the experimental configuration that was used in the stimulated regime is a good

starting point to perform the measurement in the photon-pair regime.

The new setup is described in Fig. C3.1. The Ytterbium laser (Satsuma, Amplitude Systems)
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at A, = 1033 nm delivering 230 fs pulses sends pulses inside the gas-filled HCPCE Prior to the
fiber, a half-wave plate controls the laser polarisation. At the fiber output, the signal and idler
are separated thanks to a set of 3 dichroic mirrors, together with one broadband filter (short-
pass and longpass filter for the signal and idler arm respectively) and one bandpass filter (10
nm width for the signal and 12 nm for the idler) on each arm. Each photon is injected into a
singlemode fiber and sent toward single photon detectors. Since signal and idler wavelengths
are not in the same frequency range, the two detectors are different. In general, detectors at
telecom wavelength exhibit much poorer performances than their visible counterparts. That
is why the idler detector which is a free-running InGaAs/InP SPD (ID230, ID quantique) has
dark counts of the order of 2.1 kHz and ~ 20 % detection efficiency whereas the signal detector
which is a Si SPD (SPCM-AQ4C, PerkinElmer) has dark counts around 0.1 kHz and detection ef-
ficiency of the order of ~ 60 %. Finally the TTL signals from detectors are sent to a time-tagging
and correlation measurement device.

idlef DM DM Powermeter
@
HWP
o}

—>

pump signal

LP

Fibered BP
SMF

InGaAs SPD
Si SPD

R

Fig. C3.1: Experimental setup for count and coincidence measurement of the photon pairs. HWP:
half-wave plate, DM: Dichroic mirror, LP: Longpass filter, SP: Shortpass filter BP: Bandpass filter,
SPD: Single photon detector, TC: Time-correlated counting.

In such experiment, it is important to address the trade-off between letting the maximum
amount of photon-pair reaching the detectors and filtering the noise. With that in mind, the
position of the JSA has been fine-tuned through gas pressure (to ~ 4.1 bar) in order to reache
an optimised position at the center of the two bandpass filters as shown in Fig. C3.2. This is
an illustration of how useful the control of the JSA position can be in practice. Note that in this
fiber, a pseudo pressure equilibrium is reached so quickly (few seconds) that gas pressure can
be tuned actively to optimise the detected signal. This must be due to the large size of the core
and the cladding tubes, favouring a good transfer of the gas through the fiber.
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Fig. C3.2: Left: simulated JSI at the fiber output prior to filtering. Right: simulated JSA taking into
account the cropping due to the different filters. The dashed lines represent the two bandpass filters,
green for the signal (Gaussian filter centered at 770 nm with 10 nm FWHM) and orange for the idler
(Rectangular filter centered at 1570 nm of 14 nm width).

3.2 Count measurements

Afirst characterization is to measure the number of counts reaching each detector. The recorded
signal may be a combination of several events: the dark-counts, unfiltered photons from the
pump, Raman-scattered photon and the parametric photons. These different events can be
distinguished from each other through their power dependence. The parametric photons evolve
quadratically with pump power, whereas the Raman-scattered photons or pump scattered pho-
tons, evolve linearly and the dark counts do not depend on pump power. Thus, by fitting the
evolution of the number of counts as a function of the injected pump power P, one can evaluate
the different contributions:

Counts = a+ bP + cP? (C3.1)

with:

a = Dark Count contribution
b = Raman-scattering + Pump diffusion contribution

¢ = Four-wave mixing photon contribution

Experimentally, on both signal and idler arms the results show a clear quadratic component
indicating that photon-pairs are produced (see Fig. C3.3). To our knowledge, this is the first

demonstration of single photon-pair generation in a gas-filled HCPCE

Figure C3.3 shows the signal and idler counts as a function of power in linear and log scale.
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Fig. C3.3: Raw detected signal counts as a function of pump power in linear (left) and log scale (right).
The red lines correspond to a quadratic fit without linear component (fit = a + ¢ P?). DC: dark counts

The results are compared with a perfectly quadratic polynomial of the form:

SIGNAL IDLER
as=100Hz a; =2180Hz
bs = 0Hz/mW b; =0Hz/mW

¢s = 0.59 Hz/ mW? ¢; =0.17Hz/mW?

A much lower number of photons are recorded on the idler side due to the lower detection

efficiency of the telecom SPD. Also, the telecom SPD is much noisier.
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Raman-free generation

The absence of linear contribution is a very remarkable result. This means that there is no
residual pump diffusion, and, more importantly, no detectable Raman-scattering!. As previ-
ously discussed (see chapter A3) in such a source, the optical mode within the fiber is only
interacting with xenon which, as a noble gas, exhibits no Raman-scattering. Even the minute
fraction of the optical mode overlapping with silica (estimated to be < 1073 % with simulation)
would exhibit a very low level of Raman-scattering due to the huge spectral gap between the
pump and the parametric photon frequencies. Indeed the most significant Raman line is below
40 THz with a peak located at 13.2 THz whereas the parametric photons are separated by ~ 100
THz from the pump.

Thus, to our knowledge, this is the first demonstration of Raman-free photon-pair gen-
eration within a fiber architecture. This is of most interest since Raman-scattering has been

the main limitations of fiber photon-pair source.

Brightness

Let us now discuss the brightness of the source. It is related to the quadratic coefficient c. The

detected photons are either dark counts or parametric photons:

Cs=DC; + Nj (C3.2)
C; =DCs+N;j

with N, = ¢, P2, with x = s, i, corresponding to the detected parametric photons.

Therefore, in order to estimate the number of detected parametric photons, one simply has
to subtract the dark counts to the detected counts. This is only true because of the absence of
linear noise.

In theory, the intrinsic generated number of parametric signal and idler photons should be the
same since they are always created by pairs. However, in practice, N; and N; differ from each
other because of the different overall transmission in each arm. They are related to the number

of pairs Np,ir by the equations:

N; = Tszair (C3.3)
N; = Tinair

where T, is the overall transmission on arm x, taking into account optical loss and detectors

1 in the following, whenever we mention the absence of RS, we implicitly also include the absence of pump
diffusion
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quantum efficiencies.

Thus, knowing the overall transmission on each arm, one can infer the intrinsic brightness of
the source Npajr. On the signal arm, from the output of the fiber to the detector, the optical
transmission (optical losses + coupling efficiency) are measured to be n; s = 60 %, to which
we must add loss on the bandpass filter (ngps = 50%) and the detector quantum efficiency
(NQE,s =60 %). This estimation of the loss is done by injecting light from a continuous wave
laser at either 780 nm and 1560 nm inside the HCPCF and to measure the power after each
optical component. In the end, the signal photon has an overall transmission of T; = 18 %
(Ts =nu,s X NBRs X NQE,s) and the idler photon has T; = 6 % chance of being detected (n;; = 0.4 ;
neei = 0.8; Nog,; = 0.2)). Therefore we obtain:

N

N
Npair = T. ~1.66x1074 pairs/impulsion (@10 mW) (C3.4)

N
N.
Npair = T—l ~ 1.41 x 10~ pairs/impulsion (@10 mW)

i

which is the same order of magnitude.

This experimental result can be compared to the expected brightness of the source. In Chapter

A2 we have seen that the probability to generate a pair at wg, w; is given by (Eq. A2.4b):
Proba(ws, »;) = |k|*F(ws, w;)? (C3.5)

Such that the estimated number of generated photon-pair in the spectral range defined by the
bandpass filter fs(wy); fi(w;) is:

air

Npar = frepf KPP (s, 01)? f5(05) fi(w;) dosdo; (€3.6)

~ 20 x 10™* pairs/impulsion (@10 mW) (C3.7)

with frep the pump laser repetition rate.

The experimental results are one order of magnitude lower than the simulation. Apart from
the fact that the model may contains some errors (missing constant, etc.), this difference may
be attributed to defects in the fiber structure, either due to the fiber bending or to inhomo-
geneities in the microstructuration which have the effect of reducing the overall effective inter-
action length of the four-wave mixing process. We recall that effect of inhomogeneities was al-
ready observed in section C.2.5 on the measured JSI. In fact, a strong decrease of the brightness

attributed to inhomogeneities has been observed in the HCPCF photon-pair source previously
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reported 2 [29, 148].

It is noteworthy that the brightness can be increased very easily (by ~ two orders of magni-

tude) by using a pump laser with higher repetition rate3.

3.3 Coincidence measurements

In this section the temporal correlations between the recorded events is studied. In particular,
as opposed to photons from the noise, the signal and idler photons are simultaneously created
and therefore they reach the detectors with a constant delay. The information of the temporal
delay between detection events can be obtained thanks to the Time-Tagger (see Fig. C3.1). It
associates each detector click to a certain time of detection thanks to its internal clock. Figure
C3.4 shows an example of recorded histogram depicting the number of detected events as a

function of difference in arrival time of the two SPD’s electrical output within a 15 ps window.

a. 100 b. 100
<+«—— coincidences i <«—— coincidences i
80 ] _ 80 .
N N
22h I 225
$ 60f . & 60
=] | = 7
% % idental;
g | | g accidentals |
g %0 ERS AL ' \
Q 4 [s] 4
&) &)
20 1 0.4 1
accidentals b | | | | | | | 1
05 : 1 15 0% 10 15

5 5
Delay [us] Delay [us]

Fig. C3.4: a. Measured temporal correlations histogram while pumping the HCPCF with P = 60 mW
and with a pressure of xenon of 4.1 bar. The bin width in the histogram is 1.4 ns. b. Same histogram
with a splited y-axis to show the accidentals. Herein, N yjnc = 90, Ny = 0.5 and Ny peo = 6.7 1073 Hz

The histogram shows a large predominance of a peak at zero delay, meaning that most of
the time, the two detectors click simultaneously. This is a clear signature of photon-pair gener-

ation.

Indeed, in such a histogram three different physical quantities can be distinguished:

2 three orders of magnitude decrease was observed between simulation and measurement in liquid-filled PBG-
HCPCEF of [29]. Moreover, the effects of inhomogeneities are abundantly discussed in the thesis of Thibault Harlé
[148]

3instead of our 2 MHz, many lasers exhibit 100 MHz - 1GHz repetition rate
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e The coincidences (N¢oinc) Which is the number of simultaneous detections. It quanti-
fies the events where a signal and an idler from the same pair are being detected (= true
coincidences). In fact, a fraction of this peak is also due to "false coincidences" where
photons from the noise (Raman, unfiltered pump or DC) give a simultaneous detection

with either another photon from the noise or with a parametric photon.

* The secondary peaks are called accidentals (Nacc). They correspond either to the de-
tections of unpaired signal and idler (parametric photon which has lost its sibling) or
detection with a Raman-scattered photon or unfiltered pump photon. These peaks are
separated by 500 ns corresponding to our 2 MHz repetition rate of the laser.

* The uncorrelated events (Nynco) which correspond to the detection between a dark count
and another photon (either parametric, Raman or DC). They are not temporally corre-
lated to the pump pulses, in other words they are not related to the pulse repetition rate.
These events are distributed on all the bins of the histogram (including the coincidences

and accidentals bins).

Figure C3.5 and Table C3.1 provide a description of these different possible detection events

and of their power dependence.

«4—— coincidences Bl peram, - param,
p‘dl‘ﬂlll_\_ - param‘_,
accidentals B param - DC
B pc-DpC
=y

I Raman - Raman

P param - Raman
Raman - DC

uncorrelated

QOccurence

Delay [ps]

Fig. C3.5: Schematic coincidence histogram of standard fiber-based photon-pair sources. The inten-
sity of the peaks are arbitrary. The number designates the power dependence (i — P*).

As for the count measurements, a study of the power dependence of these three different
physical quantities allows to separate the contributions of four-wave mixing, Raman-scattering
and DC. First, one can see that the coincidences evolve quadratically with pump power. No
third order power dependence (related to Raman-parametric coincidence) can be detected.
This is a further proof of the absence of Raman-scattering noise in such media. Moreover, in
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Tab. C3.1: Different types of detections events and their characteristics.

Type Denomination | Power dependence | Temporal position in the histogram

Photons from | Nparam_x-param_x p? Main peak
the same pair
Photons from | Nparam_x-param_y p* Secondary peaks
different pair
Photon from Nparam-DC p? Continuous distribution
a pair and DC

DC-DC Npc-pe Constant Continuous distribution

Additional events in presence of Raman-scattering

Raman and Nparam-Raman p3 Main and secondary peaks

parametric

Raman and NRaman-Raman p?2 Main and secondary peaks
Raman

Raman - DC NRaman-DC P Continuous distribution

the case of multiple pair generation, the peak would exhibit a power fourth dependence cor-
responding to the detection of signal and idler from different pairs but here such events are
negligible.

Second, the accidentals exhibit a power four dependence: since the detection of the two pho-

tons from different pairs are independent events, their probabilities are multiplied. Here also,

the absence of third power dependence due to the conjoint detection of a parametric photon
(quadratic) and a Raman-scattered photon (linear), is a further proof that RS is negligible.

Finally, the uncorrelated detections also exhibit a quadratic behaviour plus a constant. These
events are due to coincidences between a dark-count (constant) and a parametric photon (quadratic)
and the constant is due to DC-DC (once again, without linear dependence due to Raman-

scattering).

As a result, the reading of the temporal correlation histogram (such as C3.4) of our source
devoid of Raman-scattering, is much simpler compared to the case with RS (Fig. C3.5) as shown
in Fig. C3.7.

Coincidence to Accidental Ratio

A standard measure of the quality of a photon-pair source is to look at the coincidence to ac-
cidental ratio (CAR). We recall that this number is defined as the ratio between the main peak

and the average of the secondary peaks:

CAR = Neoine (C3.8)

acc
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Fig. C3.6: First row, true coincidences (Npinc), second row, accidentals (N ) and third row, uncor-
related (N ynco), as a function of pump power in linear (left) and log (right) scale. The coloured lines
correspond to the polynomial fit.

In absence of RS, the CAR is simply described by:

CAR = Nparamfx-paramﬁx + Nparam-DC +Npc-nc

= (C3.9)
Nparam_x—param_y + Nparam—DC +Npc-pe
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Fig. C3.7: Schematic coincidences histogram of our HCPCF photon-pair sources. Compared to the
standard case (Fig. C3.5), the histogram is less contaminated by the loss.

where each term is described in Tab. C3.1.

In the regime where the DC have a much lower probability of occurrence than the paramet-

ric photon?, the CAR can be approximated by:

Nparamfx—paramﬁx

CAR = (C3.10)

param_x-param_y

In this regime, the CAR is only limited by unpaired parametric photons. As described above, the
rate of unpaired parametric photons grows much more rapidly (e« P%) than true coincidences
(o< P?). More precisely, the number of true coincidences is given by the number of generated
photon-pairs (Npair) multiplied by the probability to detect both photons:

Nparamfx—paramfx = TsTinair (C3. 1 1)
whereas for the coincidences of unpaired parametric photons, the probability is given by:

Nparam_x—param_y =T, - Ti)Npair xTi(1— Ts)Npair (C3.12a)
=T,T;(1-Ts)(1 —T;)N? (C3.12b)

pair

where we recall that T, is the overall transmission on arm x, taking into account optical loss
and detectors quantum efficiencies.

4typically in our setup this is achieved for P > 20 mW
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Thus, for our source, the CAR is given by:

1
CAR = (C3.13)
(1-Ty)( - Ti)Npair

Since the number of photon-pairs evolves quadratically with the pump power, the higher
the power, the lower the CAR. This trend is confirmed experimentally as shown in Fig. C3.8,
where the measured CAR is given as a function of pump power. Indeed, when decreasing
the pump power from P= 60 to 15 mW, the CAR increases until it reaches a plateau around 10
mW. As the power decreases, the DC coincidences become less and less negligible compared
to photon-pairs and below 10 mW, DC-DC coincidences cause the CAR to decrease, until the
limit where CAR — Npc.pc/Npc-pc = 1. Experimentally, the CAR reaches really high values, up
to 2750 at 10 mW. It is noteworthy that, to our knowledge, this is the best CAR reported in any
fiber architecture. This result is the completion of our original motivation to have a Raman-
free medium that would exhibit a high signal to noise ratio at room temperature. Moreover
this value is currently only limited by the detectors (efficiency and dark counts), allowing pos-
sibility for large improvements.

In comparison, Table C3.2 shows the best CAR reported in different fiber architecures, namely,

solid-core photonic crystal fiber, cooled-down dispersion shifted fiber or hollow-core fiber.

Moreover, one can see that the highest point at 10 mW in Fig. C3.8 is slightly detuned from
the overall trend. This is due to experimental limits of the setup. At low power, the number
of accidentals reaches such low values (= 2 events/hour) that it requires really long integration
times to get enough statistics. At 10 mW, the number of accidentals could be overestimated,

explaining this detuning.

Tab. C3.2: Comparison of different fiber photon-pair sources. Note that the brightness corre-
sponds to the one obtained in the regime of the best CAR. DSF: dispersion shifted fiber; PCF:
silica-core photonic crystal fiber; HCPCF: hollow-core photonic crystal fiber. SPD: single pho-
ton detector, S-SPD: superconducting single photon detector. *only limited by the detectors

Strategy Fiber | Temperature | Detectors | Best CAR | Raw Brightness Refs.
type reported pairs/pulse
Cryogenic DSF 4K S-SPD 1300 107° [149]
cooling 300K 10
Large PCF 300 K SPD 1000 1078 [61]
detuning
Hollow-core | HCPCF 300K SPD 63 1077 25]
Hollow-core | HCPCF 300K SPD >2700* 1076 This work
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Fig. C3.8: Measured CAR as a function of pump power (blue dots). The best CAR equals 2740. The
integration time does not exceed one hour per point. The dashed lines are obtained by computing the

CAR with the polynomial fit parameters of Fig. C3.6.

Discussion on the signal to noise ratio

In most experiments, the CAR is a good approximation of the signal to noise ratio (SNR). As
shown in Fig. C3.9.a, in the case of standard fibered photon-pair source (presenting some
Raman-scattering or pump diffusion), the main peak of the histogram contains both signal
and noise, whereas the secondary peaks gives the noise (almost® the same amount as in the
main peak). Thus, in that case, dividing the number of occurrences in the main peak, by the
ones in the secondary peaks legitimately measures the signal to noise ratio.
However, in our Raman-free configuration, one can argue that the CAR may no longer be a
good approximation of the SNR, giving at best a strong underestimation. Most quantum appli-
cations post-select the coincidence events and discard all the others. Such applications will be

only limited by the amount of noise in the coincidence peak. Therefore, considering the sec-
ondary peak as an estimation of the amount of noise® may not be relevant in this case where

the noise contribution to the central peak is significantly lower (see Fig. C3.9.b).

For these reasons, we propose a second evaluation of the SNR of our source defined by the

5a small fraction due to detections of two unpaired-parametric photons is not present in the main peak
5moreover, the secondary peaks which are here mostly composed of the detection of two unpaired parametric
photons are not really related to an intrinsic source of noise but rather a consequence of loss in the setup (see Eq.

C3.12b and Eq. C3.13).
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Fig. C3.9: Signal and noise distribution in a. a standard fiber-based architecture and b. our HCPCE
In the former, the CAR (ratio between the main peak and secondary peak) gives a good approximation
of the SNR whereas in the latter it is not the case.

ratio of coincidences and uncorrelated:

N .
SNR = coinc (C3.14a)
unco
_ Nparam_x—param_x + Nparam—DC +Npc-pc (C3.14b)
Nparam»DC +Npc-ne
Similarly, in the regime where DC-DC are negligible, one can write:
SNR ~ Nparam_x—param_x + Nparam—DC (C3.15)

Nparam-DC

which does not depend on the pump power since all terms share the same quadratic power

dependence.

Figure C3.10 describes the SNR of our source. At low power, the SNR and the CAR exhibit
the same behaviour, limited by the DC-DC coincidences. However, unlike the CAR, the SNR
does not decrease with pump power but converges toward a constant of around =~ 9000 (as ex-
pected from Eq. C3.15). This is quite a radical change. If one considers this as the legitimate
signal to noise ratio, then it is fair to say that the SNR of our source is not decreasing with

pump power’ .

In comparison, in a standard silica-core fiber source the SNR would decreased due to the
presence of Raman-parametric coincidences (x P3) which increase faster than the true coin-

cidences (quadratic). In sources limited by Raman-scattering SNR = CAR.

7At some point, the SNR will start decreasing due to double pair generation that brings noise terms propor-
tional to P4, For instance, above 250 mW, double-pair events are not negligible since the probability of generating a
photon-pair pair per pulse is p=0.1 (and 0.01 at ~ 80 mW). And the probability of generating a double pair is given
by = p?/2 [150]
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Fig. C3.10: Experimental SNR (blue dots). The fit (dashed lines) is computed using the polynamial

fit of Fig. C3.6

3.4 Spectral tunability through gas-pressure

We also check that, as in the case of stimulated regime (see section C.2.3), the signal and idler

frequencies can be controlled through pressure tuning. Using a set of different filters, we look

for the pressure which maximizes the number of counts reaching the idler SPD as a function
of the different filter central frequencies (6 fiber CWDM filters from 1510 to 1610 separated by

20 nm step). The results are in good agreement with what was obtained using the stimulated

emission tomography (see Fig. C2.7) and with simulation, as shown in Fig. C3.11.
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Fig. C3.11: Measured idler frequency as a function of gas pressure (xenon) in the spontaneous regime
(red squares), using the stimulated emission tomography (green triangle). The dark line corresponds
to a simulation with fiber parameters: t = 628 nm; r = 22 um. The measurement range of the stimu-
lated emission tomography was limited by the seed laser tunability.
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CONCLUSION & PERSPECTIVES

Despite the ubiquitous usage of hollow-core photonic cristal fibers in a large and diverse range
of fields (nonlinear optic, metrology, atom optics, plasma physics, etc.), it has been only re-
cently that their potential for quantum information became apparent. The present PhD thesis
is a contribution to the latter. Particularly, it focuses on one of the main driving subjects in the
field of quantum information which is the generation of single photons and/or entangled pho-

tons. The results of the present work are twofold:

On the one hand, we have demonstrated that the "hollow-core attribute" allows to get rid of
the Raman-scattering noise which is known to be the main limitation of photon-pair source
based on silica-core fibers. Thanks to this specificity, we have designed a liquid-filled photonic
bandgap hollow-core fiber that satisfy all requirements toward the realization of a Raman-free
photon-pair source in the telecom range. We showed that the phase matching wavelength
range of the four-wave mixing process can be optimised with respect to the Raman line po-
sition. Moreover, a second fiber was designed, based on a gas-filled inhibited-coupling HCPCE
in which we demonstrate the first fibered Raman-free photon-pair generation. The source sets
the current state-of-the-art signal to noise ratio among all fiber architectures, thanks to the
hollow-core and the large spectral separation between pump and parametric photons. The
coincidence to accidental ratio reaches value up to 2700 and is currently only limited by the

detectors and losses.

On the other hand, we have shown that the "photonic-crystal fiber attribute" offers tremen-
dous possibilities to control the medium properties (dispersion, nonlinearity, modal content,
optical loss, birefringence). For instance, the filling medium and fiber can be chosen such that
the source exhibits a transmission window and a zero dispersion wavelength in a given spec-
tral range (here telecom C-band) as demonstrated in Part B. The fiber dispersion can also be
controlled in order to engineer the generated photon-pair state. In particular, we have demon-
strated in Part C how the multiband property of IC fibers can be exploited to access various
JSA shapes corresponding to spectrally correlated or factorable photon-pair states. In view of
quantum information applications (heralded single photon source), we have used this prop-
erty when designing our gas-filled inhibited-coupling fiber such that is generates factorable
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photon-pairs at benchmark frequencies (telecom and visible).

In essence, the unprecedented signal to noise ratio, the spectral versatility of the source, as
well as all the advantages associated to fiber (room temperature, alignment-free, robustness,
compatibility with fiber-network) make this fiber a serious competitor in photon-pair sources.

PERSPECTIVES

The results obtained here and the versatility of gas-filled HCPCF pave the way to a number of
possible experiments. Further characterisations of the photon-pair source are currently per-
formed in order to study the photon-pair statistics. Moreover, in the course of my PhD, I ave
also identified other uses of the fiber that would benefit from the Raman-free behaviour or the

spectral versatility. These different perspectives are described in the following.

Photon statistics

Under-going work investigates the photon statistics of the source. As it is based on a sponta-
neous parametric process, there is a non-zero probability of generating multiple photon pairs
from a single pump pulse. Alternatively, noise in the setup can also lead to "false" detection
events. The amount of these unwanted detections can be characterised by measuring the her-
alded second order correlation function gg) [151, 152]. It consists in dividing one of the detec-
tion arm (here the idler), with a 50:50 beam splitter and to measure the number of coincidences
that occur between the single-photon detectors at the two output ports, while a signal photon
was preliminary detected (see Fig. C3.12.a). More precisely, the heralded second order correla-
tion function is given by:

(C3.16)

with Ng;, ;, the number of tri-coincidences, N the number of signal counts and Ng; the num-

ber of coincidences between the signal and one of the idler detectors (x = 1,2).

In practice, a value of gl({z) < 1 is a signature that most often there is no more than a single
pair, and the lower the value, the closer it is to "an ideal" photon-pair source. If they were only
single photon-pair (signal and idler), no tri-coincidences (Ny;,;,) could be detected and gg) =
0. Figure C3.12.b shows the evolution of gg) as a function of power. As the power decreases,
the probability of generating multiple pairs becomes more and more negligible such that gg)
decreases.

Moreover, the exact same setup can be used to measure the single photon-purity (and thus
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Fig. C3.12: a. Experimental layout for measuring gl({z). b. Preliminary experimental result for the

measure ofgl({Z). At 40 mW, gg) =~ 0.01.

the Schmidt number), provided that the signal it no longer used as a heralding signal. This
measurement is called the unheralded second order coherence (see more details in [137, 153]).
In the short term, the single-photon purity will be experimentally measured while varying the
different experimental parameters (pump FWHM, chirp, gas pressure, etc.) and compared to

the results obtained with the stimulated emission tomography setup (chapter C2)

Toward classical and quantum signal propagation in the same device

Raman-scattering is not only an issue in the context of photon-pair generation. In order to
develop a scalable approach to quantum information it is important to make fiber network
compatible with both classical and quantum information protocols. In principle, the world-
wide fiber network can be used either for sending classical or quantum information, however
itis much challenging to multiplex classical and quantum information [4]. One of the reason is
that the classical signals produce Raman-scattering which will outnumber the quantum signal

[154]. A hollow-core fiber network may not have this limitation.

In practice, the promising possibility of a quantum/classical cohabitation within hollow-
core fiber could be tested with only minor changes in the experimental setup we have imple-
mented. As shown in Fig. C3.13, by injecting a spectrally filtered® telecom pulse inside the
HCPCE it would be possible to check whether a classical and quantum signals can copropa-
gate in a hollow-core fiber without Raman-scattering noise contamination. This would be a

major step toward practical quantum information protocols.

Toward pulsed temporal-mode encodings

We have seen previously how controlling the joint-spectral amplitude allows to tailor the signal
and idler frequencies (position of the JSA) and their spectral correlations (shape of the JSA). In
fact, our experimental apparatus could also allow to change the time-frequency modal con-

tents. We recall that the time-frequency modes of the photon-pair state is given by the Schmidt

8the erbium gain of the laser should be well filtered
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Fig. C3.13: Experiment to test the propagation of a classical data pulse with a quantum signal gen-
erated in another telecom channel.

decomposition (see section C.2.2):

|\Vpair> :f dws;dw;F(ws, w;)10,0) (C3.17)
=Y Ven 1SuIn) (C3.18)
n=0

where §110) = 1S, 1T 10) = 1.

Until now, we have only considered either factorable state of the form: [Sg,Ip) or correlated
state of the form }.5° /¢, ISy, 1) with ¢, monotonously decreasing ¢y > ¢; > ¢2 > ... > ¢;. As
a consequence, the propagation modes of the photons of the pair were essentially the funda-
mental modes Sy and I; the first letter of the TM alphabet (assumed to be a Gaussian).

S S S2)

So(w) L S1) L Sy(w)

Fig. C3.14: The first three signal time-frequency modes.

However, if one wants to use the TM mode as an encoding basis [40, 48, 49], it is important
to be able to access the other letters of the alphabet?. This is possible thanks to the pulse-
shaper. As shown in Fig. C3.15, in the specific case of asymmetric group-velocity matching
(here 0 = 0°), engineering the energy conservation function results in manipulating the signal
frequency-mode. In other words, it is possible to access state of the form |S i»1o) (G €N) where

the idler photon is in the fundamental mode and the signal in an arbitrary mode. Inversely, an

9 we recall that time-frequency modes span an infinitely large countable basis
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asymetric group-velocity matching of 8 = 90° allows to manipulate the idler while keeping the

signal in the fundamental mode [105].
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Fig. C3.15: In a source engineered medium (here ® = 0 and A} < Aa), the signal photon map to any
state of the TM alphabet by modifying the pump shape. Energy conservation (black dashed lines).
Phase-matching (pink dashed lines)

With a phase-matching angle of 8 = 6°, our photon-pair source is in a configuration corre-
sponding to Fig. C3.15 and would allow to modify the signal time-frequency mode. A prelimi-
nary work in order to control the TM alphabet is described here. Using the pulse-shaper device,
we can modify the pump spectrum and as a consequence, the energy conservation function. It
is noteworthy that the relation between the desired signal time-frequency mode and the pump
shape which is required to obtain such a mode is not direct. Indeed, we have seen that, in the
case of FWM!?, the energy conservation is not strictly the pump spectrum but its autocorrela-
tion. Thus, in order to encode a given |S j) on the signal, one has to shape the pump spectrum
with a function whose autocorrelation is the function S ;. For instance, a pump spectrum with a
square shape will generate a signal whose spectrum is triangular (= autocorrelation of a square).

We have experimentally demonstrated this effect and the results are shown in Fig. C3.16.

Spontaneous Photon triplet generation

With a large transmission bandwidth spanning from the UV to the infrared, inhibited-coupling
HCPCF may provide a suitable tool for photon-triplet generation through third order spon-
taneous parametric down conversion (TOSPDC). It is another x® nonlinear effect where one
pump photon at w, gives rise to three photons at w,, w; and w; (satisfying the energy conser-
vation w, = w; + w; +w; and phase matching f(w,) = f(w;) +P(ws) +P(w;)) (see Fig. C3.17). To

our knowledge, this effect has never been observed in any medium in the spontaneous regime.

1045 opposed to SPDC where energy conservation is directly related to the pump spectrum
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Fig. C3.17: Energy diagram of third harmonic generation (THG), triplet generation (TOSPDC) and
corresponding phase-matching.

Photon triplets have been the focus of a large number of studies as they can lead to the
generation of the so-called Greenberger—-Horne—Zeilinger [155] (GHZ) tripartite maximally en-

tangled state |q1> = %2 (1000y +[111))), which is an important resource both from a fundamental
and a practical viewpoint [156].

The inverse process, third-harmonic generation (THG) is a first step toward the generation

of photon-triplet since it shares almost!'! the same phase-matching condition than TOSPDC

(i.e. n(A) = n(3A)) [157]. The third harmonic has been obtained in IC-fiber [158] thanks to an
intermodal phase-matching. Indeed, chromatic dispersion usually prevents a phase-matching
allowing the generation of photons-triplet sharing the same spatial mode as the pump. How-

ever a phase-matching can be obtained between n(3A) in the fundamental mode and n(A) in

1 the self-phase matching contribution (o YP) is not the same for THG and TOSPDC
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a higher order mode (HE,3 or higher). Moreover, as for FWM, the phase-matched frequencies
can be controlled actively with the gas pressure. Fig. C3.18 shows that the fiber design we used
to generate photon-pair would also allows the generation of HE; photon-triplet in the telecom

range when pumped by a HE;3 mode at A, = 500 nm.

= n(37)
1.006
M n HEy,

1.004
$1.002 - HE,,
1+
|-
0998500 1000 1500 2000
A [nm]

Fig. C3.18: Computed intermodal phase-matching for photon-triplet generation. For clarity, the
resonances has been removed. The photon triplet would be in the fundamental mode and the pump
in a HEy3. Fiber paramaters: r = 20 um, P = 8 bar of Xenon.

With the large range of optimization parameters in the fiber structure and fluid, we have
done preliminary calculations indicating that it would be possible to observe triplets within a
few hours integration time, using the best available single photon detectors, and thanks to the

absence of Raman-scattering in the used fiber.
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APPENDIX

I SDM calculation

This appendix details the calculation of the SDM which is introduced in section A.2.5. The
SDM gives a simplified calculation of the biphoton wavefunction in the case of degenerated

monochromatic pump. We recall that in the general case, the biphoton wavefunction is:
W pair) = K/ dtf dzf dosdoES) (2, DES) (2, 1) emi(Boop@o)z-iloco)tyy oy (c3.19)
Considering degenerated monochromatic pump:
BN (2,0 =B (z,0) = e POomaomD 4 ¢

The equations becomes

Wpairy = [ dt [ dz [[ dodayei@eme=zondmiformpon)ziloco)tiy, vy (3200

:Kf d[f dsz dwsdmiei(zﬁ(“’rﬂo)‘ﬁ(‘”x)‘ﬁ(mi”ze‘i(z‘”ﬂ“_“’s_“’i)’|ms,m,~> (C3.20b)

Space and Time Integral
fdzei(Zﬁ(wpo)—ﬁ(ws)—ﬁ(wi))z ~ sine(2B(wpo) — (o) — B(wy)) (C3.21)
f dre 1Zwm=mel §(g +; —200) (C3.22)

Such that:

|Wpair) = Kf dw,dw;sine(2p(wpo) —Pws) — P(w))8(ws + w; — 2w o) lwy, ;) (C3.23a)
=K f dwgsinc(2B(w o) — pws) —PRwpo — ws)) |ws, 2w po — W) (C3.23b)
Applying the change of variable:

Ws = Wpo +Aw

dws — d(Aw)
We obtain:
|Wpair) = K/ d(Aw) SDM(wpo, Aw)  |wpo +Aw,wpo — Aw) (C3.24)
SDM (0 po, Aw) = sinc(2f(w o) — P po + Aw) — B0 po — Aw)) (C3.25)
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II. Spectral phase correlation

II Spectral phase correlation

In this appendix, we show that constant and linear spectral phase does not incorporate any

temporal correlations (i.e does not modify the shape of the JTA).

Let us consider a pulse of the form:

(-wp)? .
E,(w)=Ege 2 g9 (C3.26)
with:
1
P() = e + (- wo)p” + 5= wo)? ¢y (C3.27)

For simplicity, we only consider the first three terms and neglect higher order terms:

(w—w )2 .
E,(@) =Ege 2t el @0 +0-0p)00+3 (-0, ) (C3.28)
In the temporal domain, the pulse is given by:
Ep(#) =FT(Ep(w)) (C3.29a)
(0-0p)? . . .
—FT(Ege = )xe'® «FT(e/@ 0% ) « FT(e'2©~0» %) (C3.29b)
2
o © o) —ity . _
=Eprr(0)* €%« 8(1+qp))e "0 e el (—igP) 12 (C3.29¢)
phase d;lray broaa:ening

where E, pr(f) is the Fourier transform pulse when no phase is applied (¢ = 0).

In comparison to the Fourier transform pulse, there is three additional terms depending

. i0® . . .

on (pg)),(pg) and (péz), respectively. The term e'®o is a global phase. The convolution with
i . . . .

o(t+ cpél))e""’o “p» corresponds to incorporating a temporal delay. Since, neither (pf)o) and nor

(p(()l) distort the temporal amplitude profile of the pulse, such spectral phase components have

no effect on the overall on the time-frequency correlations.

This is why, in the manuscript, we did not consider these terms, and have only considered
the quadratic chirp ((p(()z)) which causes a broadening of the temporal profile and thus changes

the shape of the JTA (see section A.2.4 for theory and section C.2.5 for experimental results).
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APPENDIX

III Articles

In the following pages we include the papers reporting on the work presented in this doctoral
thesis:

1. "Active engineering of four-wave mixing spectral entanglement in multiband hollow-core
fiber" demonstrates theoretically and experimentally how the multiband properties of
inhibited coupling fiber allows to engineer the spectral correlations of the photon-pairs.
Using a stimulated emission tomography on the fiber presented in Part C, we obtain var-
ious joint spectral intensity profiles, from factorable to entangled.

2. "Raman-tailored photonic crystal fiber for telecom band photon-pair generation" describes
the liquid-filled photonic bandgag HCPCF presented in Part B of the manuscript. In par-
ticular we demonstrate how the choice of liquid allows to control the transmission band
and the position of the ZDW. We also discuss the presence of Raman-free spectral range

at telecom wavelength where a FWM can be obtained.

3. "lailoring modal properties of inhibited-coupling guiding fibers by cladding modifica-
tion" descibes how the modal content can be modified by changes in the fiber cladding
and in particular the number and position of the tubes. More specifically, we present
two fibers with different cladding structures which favor propagation of LP;; and LPy;
modes, respectively.

Other papers are currently in preparation about the Raman-free generation of photon-pairs
and about the various joint-spectral amplitude profiles that have been obtained in the gas-filled
HCPCE
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Abstract: We demonstrate theoretically and experimentally a high level of control of the
four-wave mixing process in an inert gas—filled inhibited-coupling guiding hollow-core photonic
crystal fiber. The specific multiple-branch dispersion profile in such fibers allows both correlated
and separable bi-photon states to be produced. By controlling the choice of gas and its pressure
and the fiber length, we experimentally generate various joint spectral intensity profiles in a
stimulated regime that is transferable to the spontaneous regime. The generated profiles may
cover both spectrally separable and correlated bi-photon states and feature frequency tuning over
tens of THz, demonstrating a large dynamic control that will be very useful when implemented
in the spontaneous regime as a photon pair source.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Entanglement is a key resource in quantum information and strong effort has been made to
increase the Hilbert space dimension of the generated quantum states either through the number
of particles involved or through the generation of qudits with dimension d > 2 [1-5]. However,
in some applications, it is required to go against this trend and to look for separable states.
This is particularly driven by the requirement to generate pure states, through heralding from
multipartite states. One emblematic example is a heralded single photon source based on
parametric photon pair generation. The purity of the heralded photon can be obtained only if the
entanglement in all degrees of freedom (spatial, polarization, spectral) is removed between the
photon and its heralding twin [6,7]. In other terms, the photon-pair state must be engineered into
a separable state. While removing spatial and polarization entanglement can be easily achieved,
the suppression of spectral correlations is generally challenging. It requires stringent conditions
on the optical nonlinear process and more specifically on the phase-matching condition. This
is exemplified with bulk crystals, commonly used in photon pair generation, and the limited
wavelength range where the required conditions can be satisfied [7]. Integrated sources offer
more flexibility in engineering the spectral entanglement at specific wavelengths, for instance by
designing the poling period of the waveguide [8] or the microstructuration in photonic crystal
fiber [9, 10]. Within this context, tuning the photon pairs phase-matched frequencies has been
reported using temperature control of a photonic chip [11], or fiber [12]. Furthermore, promising
results have been obtained using modulation instability in gas-filled hollow-core photonic crystal
fibers, where the amount of spectral correlations of bright twin beams was controlled through
gas pressure, chirp and length tuning [13]. Such a source has the further advantage of being

#341029 https://doi.org/10.1364/0OE.27.009803
Journal © 2019 Received 30 Jul 2018; revised 18 Feb 2019; accepted 6 Mar 2019; published 25 Mar 2019
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devoid of Raman scattering noise thanks to the use of noble gas. However, modulation instability
requires a strong self-phase modulation in order to generate signal and idler whose spectra are
not overlapping with the pump spectrum [14]. We therefore have chosen to use four-wave mixing
(FWM) where signal and idler can be well separated from the pump in a low gain regime, making
it suited for spectral engineering in the photon pair regime [15].

We propose the first demonstration of spectral correlation engineering through a four-wave
mixing involving multiple transmission bands of the fiber. The given medium is a gas-filled
inhibited-coupling (IC) guiding hollow-core photonic crystal fiber (HCPCF) with controllable
dispersion and optical nonlinearity. We used this feature to generate various joint spectral intensity
(JSI) profiles, thus indicating the possibility to produce various degrees of spectral correlations.
This is a first experimental step toward a versatile fibered and Raman-free photon-pair source.

2. Spectral entanglement

The bi-photon state produced by spontaneous four-wave mixing (SFWM) in an optical fiber of
length L is given below using a standard perturbative approach [16]:

|wpair> = K‘/“/‘dwsdwl.F(wSa wl)di(wv) ];:(a)[) |0’ 0> (D

Here the quantity « is a normalizing constant, dz and lA):.L are the monochromatic creation operators
of the two photons s and i of the photon pair and F(ws, w;) is the joint spectral amplitude
function (JSA) describing the spectral properties of the generated photon pair. This function
can be approximated as the product of the energy conservation function a(wy, w;) and the phase
matching function ¢(ws, w;): F(ws, w;) = a(ws, ;) d(ws, w;).

In FWM with degenerate pump, the energy conservation function is defined as the autoconvolution
of the pump spectral amplitude a = [A * A](w; + w;) with A(w) usually described by a Gaussian
function of width o. The phase matching function is given by:

L L
¢ = sinc | Ak (ws, wi)E] X exp [iAknn(a)s, wi)E s 2)

where Akj;y, is a first order Taylor expansion of the wavevector mismatch between the photon pair

and the pump photon. It is performed around the perfect phase matched frequencies w?, w? and
0.

wy:

14

Aklin(MSa (1),‘) = (ws - w?)(ﬁlp - ﬂls) + ((Ui - w?)-(ﬁlp - ﬁli):

where B, = % | ) is the inverse group velocity. The spectral correlations can be displayed
graphically by mapping F' in the (ws, w;) space as shown in Fig. 1. The energy conservation
function @ exhibits spectral anti-correlation (Fig 1, left). The shape of the phase match-
ing function can either compensate or reinforce this anti-correlation, depending on its width

A = 1/(L\/0.096 X ((B1p = B15)? + (Bip — F10)?)) and angle 0 = —arctan(52E1 ).

In fact, the JSA profile, chiefly described by 8, Aa and A¢, is a direct signature of how the
photon-pair states are correlated, as illustrated in Table 1 where we can distinguish two families.
The first one comprises factorable states where the signal and idler photons, being spectrally
independent, are in a product state. It has been shown [7] that this state can take the form of three
distinctive JSA geometry profiles forming a circle or an ellipse along either the horizontal or
the vertical axis, each corresponding to a specific phase relationship between the photon pair
and the pump. The second family of states that can be identified by JSA profiles relates to what
is commonly referred to as correlated states. In such a scenario signal and idler photons are
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Fig. 1. From left to right: absolute value of the energy conservation function e, the phase
matching function ¢ and corresponding joint spectral amplitude in the case of a Gaussian
pump in an unengineered medium.

spectrally entangled. A representative JSA of such states is shown on the right hand side panel of
Table 1. Here, the JSA typically shows a tilted ellipse profile.

These various degrees of spectral entanglement can be described in a more quantitative
way by using the Schmidt decomposition of the JSA, which consists in finding the two sets
of orthonormal functions S,(ws) and I,,(w;) respectively depending only on signal and idler
frequency [6]: F(ws, wi) = Yo Vcn Su(ws)n(w;). Substituting into Eq. (1), we obtain:

Wpair) = ), Nea A5 B} 10,0), 3)
n=0

where Ajl = /dwsSn(ws)dZ(ws) and B; = fdw,-]n(ws)l;j(w,-) define the temporal modes
creation operators. The coefficients ¢, are real normalized scalars.

By definition, a factorable state corresponds to the case where there is only one non-zero
element in the decomposition so that \wpa,-r> = |Ap) |Bo) implies spectral independence between
signal and idler photons. We also define the mean number of excited modes by the Schmidt

number : K = ——. K = 1 for a factorable state and K > 1 for a correlated state.

These photon-np;ir states, being spectrally factorable or entangled, are all useful in quantum
technology (QT) applications. For example, correlated states are essential in security of quantum
key distribution [17], whilst factorable states are the backbone in heralded single photon sources.
Furthermore, the temporal mode basis of the signal and idler presented above can be used as an
encoding basis in a high dimension Hilbert space [5]. For example, by controlling the Schmidt
decomposition one can address the different qudit states of each photon of the pair and tailor the
entanglement between these two qudits. A large range of control parameters is required in order
to achieve that in a dynamic way with a given source, and we demonstrate here that hollow-core
fibers provide the ideal platform for that purpose.

3. Dispersion and group velocity matching conditions in hollow-core fibers

HCPCFs are an exceptional tool for light and fluid-phase interactions thanks to their ability to
micro-confine together light and fluids within small modal areas and over interaction lengths
that can reach up to kilometers with extremely low optical losses. Furthermore, with a judicious
choice of the gas and HCPCF design, gas-filled HCPCFs have been shown to be excellent and
versatile platforms for nonlinear and quantum optics [18, 19], with optical nonlinearity and
dispersion that can be highly tailored.
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Table 1. Sets of conditions required to obtain either factorable or correlated pair states.
Each set defines i) a relation between the group-velocities of pump, signal and idler
photons which in turn determines the angle 0 ii) a relation between medium length

and pump bandwidth.
Factorable Correlated
2B1p = Pis + Pui Bip = Pis Bip = P Bip < Bis.i
Ap = Aa A¢p << Ac A << A

Among the numerous existing fiber designs, we use Inhibited-Coupling guiding HCPCF whose
guidance mechanism relies on a principle akin to bound or quasi-bound state in a continuum [20].
In practice, this is achieved by engineering the fiber microstructure such that the coupling
between the cladding mode continuum and the core mode is strongly inhibited. Such fiber are
sometimes called ARROW [21] in the literature; we refer the reader to [22] for the detailed
differences between IC and ARROW. Figure 2 shows a micrograph of our tubular IC-HCPCF
and its transmission and dispersion spectra.

IC-HCPCEF intrinsically exhibit several bands in their transmission bandwidth spanning from
the deep infrared to the UV (see Fig. 2). The corresponding multiple zero-dispersion wavelengths
(ZDW) give rise to a large variety of phase-matching and group velocity relations.

An analytical model was recently given to describe the effective index of a HE,,, ,, mode inside

a. b. 1
Eos
£
=< i
g  Or-r4
S
305
-1 500 1000 1500 0
A [nm)]

Fig. 2. (a) Fiber cross section (R =20 um, ¢t ~ 630 nm) and (b) its optical properties. The
group-velocity dispersion (blue) is computed with the analytical model whereas the black
curve gives the transmitted power for a fiber length of 6.5 m pumped with a super-continuum
source. The circles give the position of the zero-dispersion wavelengths. The high peak in
the transmission at 1064 nm is a measurement artifact due to the super-continuum pump.
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a tube-type hollow core fiber [23]:

j:i—l,n j:%q—l,n cot [P(1)] e+1
2k2ngasR>  kinZa R Ne—1 =~ 27

“

Neff = Ngas —

with © W(1) = ko tyfn?; — n3,s. R the fiber radius, € = n2,/nZ . jmn the n™ root of the m™
Bessel function J, ¢ the silica strut thickness and ng; the glass refractive index. Simulations
and experimental observations have shown that such a tube-type model can provide an accurate
description of IC-fiber dispersion [24], provided an effective fiber core radius Res is used, that
is slightly larger than the actual one [25]. Moreover, as long as 4 << R the evolution of the
effective index is, in first approximation, independent of the cladding design around the core.
IC fibers can therefore exhibit very close dispersion profiles despite their apparent geometrical
difference (i.e tubular lattice, kagome lattice), as long as they have the same radius and silica
strut thickness. However, as losses strongly depend on the cladding geometry [26], this simple
tube-type model is not suited to infer fiber losses.

The slowly varying contribution of the effective index is described by the first two terms of
Eq. (4) depending on gas dispersion and fiber core radius only. The third term introduces the
resonances with the silica struts. The positions of these narrow non-guiding regions depend
on silica strut thickness ¢ and correspond to W(z) = Iz with [ integer. This defines a set of
2

si

wavelengths 4; = % n nz,as where the fiber dispersion is divergent.

Figure 3 shows the dispersion of IC-fibers calculated from Eq. (4) with different silica strut
thicknesses ¢ but same radius. For a small ¢ value, the discontinuities 1; are mostly concentrated
in the UV region, such that in the visible and infrared spectral window, the dispersion profile
is mainly composed of one transmission band denoted I. As ¢ increases, the discontinuities are
red-shifted, forming a more and more multiband dispersion structure (additional bands denoted
IL, 1, ...). The number and position of the bands and ZDWs can therefore be controlled when
designing the fiber.

Such multiband dispersion profiles provide an unprecedentedly large control parameter-space in
setting the FWM wavelengths (i.e. pump, signal and idler). For example by positioning the three
involved wavelengths either in the same band (singleband FWM) or in different bands (multiband
FWM), one can control the phase relation between them to span the different bi-photon quantum
states mentioned previously. This is illustrated in Fig. 4 where we plot the FWM spectral density
map giving both the wavelength of the generated photon and the angle 6 of the phase matching as
a function of the pump wavelength. The top left hand side corresponds to a simulation neglecting
the resonances in the dispersion. In such a case, the phase matching angle 6 mainly varies from
—30° to —60°, thus corresponding to correlated JSA whatever the pump wavelength. In contrast,
if the resonances are incorporated in the simulation (Fig. 4 top right hand side), it exhibits a much
more diversified phase-matching possibilities. More specifically, new FWM phase matching are
available for 4, in the range [650-750] and [950-1200] nm corresponding to multiband FWM
with either signal (M1) or idler (M2) situated in a different dispersion band than the pump (see
the bottom insets). In such a multiband configuration, others relations between 81, 815 and 5;
become possible allowing various angles 8. For instance, due to the relative positions of the
band between one another (related to the gas pressure), a multiband FWM described by (M1)
favours a group velocity matching 81, = f1; whereas (M2) favours §1, = B15. Thanks to such
multiband FWM, all three factorable states (i.e. 8 = 0°, 8 = 45°, 8 = 90°) become theoretically
accessible. To our knowledge, this is the first demonstration that HC-PCF dispersion can be
tailored to engineer such a large range of bi-photon quantum states.

The core radius R must also be chosen carefully as it is related to multiple properties, mainly:
losses, generation efficiency and modal contents. The FWM generation efficiency varies as R~
which favors a small radius but the general losses also increase with decreasing core radius ( R™)
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Fig. 3. Top: Effective index and bottom: inverse group velocity 81 in a IC fiber filled
with Xenon (3.5 bar) with a radius of 22 um for three different silica strut thickness. The
Roman numbers to the different bands separated by discontinuities. The gray dashed lines
correspond to the dispersion when neglecting the resonances (neglecting last term of Eq.

).

which forces a compromise [26]. In such fibers, with a radius around tens of micrometers, the
losses are remarkably low (= 10 — 100 dB/km) at a central wavelength in the band but they
increase rapidly as the wavelength approaches a band-edge. None of the involved wavelengths
Ap, As, A; should therefore be too close to any discontinuity, which must be taken into account in
the fiber design in order to enable efficient FWM. Finally, this type of fiber is usually a few-mode
fiber but it can behave as single mode with a careful coupling (Fig. 5(c)).

4. Tomography of the JSl in IC-HCPCF

In order to test our model experimentally we chose a tubular IC-HCPCF composed of 8 tubes
with strut thickness r = 630 + 20 nm. Its 22 + 1 um effective core radius offers a good trade-off
between losses, generation efficiency and modal content, as explained above. Cross-section
and losses are given in Fig. 2 and the simulated phase matching is shown in Fig. 4 right hand
side. The fiber design was chosen to exploit a multiband FWM while operating at convenient
wavelengths. Indeed, the pump wavelength is set at 1030 nm which is commercially very common.
Similarly, the idler wavelength lies at telecom wavelength range, while the signal wavelength is
in the range of atomic transitions and Silicon single photon detectors. Nevertheless, using Eq.
(4), one can reach any wavelength combination that fulfill energy conservation. Finally the fiber
exhibits a polarization extinction ratio of ~ 30 dB.

We use stimulated emission tomography technique (SET) to reconstruct the JSI (= [JSA|?) [27].
Among the existing techniques, SET allows replacing the single photon detectors with fast and
spectrally resolved classical detectors provided an additional laser is used at signal or idler
wavelength to seed the process. The equivalence of the JSI between spontaneous and stimulated
regime is valid only if the variation of the stimulated generated signal power remains linear



Research Article Vol. 27, No. 7 | 1 Apr 2019 | OPTICS EXPRESS 9809 I

Optics EXPRESS N N\

1000 W'ithout Rcfonanccs ‘ With Resonances 6
.
800 |+ (9)
: > N-a
600 X -//

[ | |
| 1
800 800 1000 1200 600 800 1000 1200 -0 “.

A, [nm] Ap [nm]
. . . o
_ 3346 (S (M1) )
£
3
£ 3345
— . A 5 )
& do 2, o JrpAif \J
3344 . O oo . .o~ . . ) .
500 1000 1500 500 1000 1500 500 1000 1500 500 1000 1500
A [nm] A |[nm A [nm] A [nm]

Fig. 4. Top: Simulation comparing the FWM spectral density map with and without
neglecting the effect of resonances in the dispersion. The parameters used are the one of our
fiber (R =22 um, t = 630 nm, and P = 3.5 bar of Xe). The y-axis corresponds to the gap
between pump and signal/idler frequencies Aw = |wp — wy;|. The color gives an additional
information about the angle 6 of the phase matching function. (S) and (S’) correspond to a
singleband FWM whereas (M1) and (M2) correspond to a multiband FWM. The black cross
describes our experimental configuration (1, = 1030 nm). The grey region corresponds to
FWM where signal and idler are generated too close to the pump wavelength. Note that the
lines have been thickened for improved visibility. Bottom: Corresponding group velocity
relations.

with seed power [28,29] (i.e small parametric gain regime). The underlying assumption is
that the JSI in the stimulated regime is an amplified version of the JSI in the spontaneous
regime; the amplification factor is equal to the average photon number Nyeeq 0f the coherent seed:
JSIiim = Ngeed- JSIspont-

Our SET experimental characterization setup is shown in Fig. 5. We use a pulsed pump laser
(Satsuma, Amplitude Systems) at 4, = 1030 nm with 280 fs pulse duration at 2 MHz pulse
repetition rate and the average pump power injected in the HCPCF is 60 mW. The seed laser
(T100, Yenista) is a continuous-wave laser tunable from A; = 1530 nm to 1560 nm. The seed
power injected in the IC-HC-fiber is around 100 mW, which corresponds to an average power of
50 nW that is effectively involved in the FWM process because of the duty cycle of the pump.
Both laser polarizations can be controlled independently with two halfwave plates (HWP). The
two fiber ends are inserted into gas-cells with a pressure monitoring and glass windows for
optical power injection. Injected into one of the cells, the gas fills the fiber (core and cladding)
and an equilibrium between the two gas cells is obtained within less than an hour. At the fiber
output, the generated signal at wy = 2w, — w; is filtered with dichroic mirrors and sent to a
spectrometer (SILVER-Nova Stellar). For a given seed frequency w;, the recorded spectrum
gives one horizontal slice of the JSI. The full JST is composed of all the recorded spectra obtained
by sweeping the seed wavelength. The seed power is monitored in order to take into account
any power change when tuning w; and to normalize the slices. The power dependence of the
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(c) Measured spatial profile at the fiber output at pump frequency.

power generated at signal frequency as a function of pump power and seed power was measured.
Figure 5(b) shows the results confirming the linear dependence versus seed power and quadratic
dependence versus pump power, thus validating that our experimental results are transferable to
the spontaneous regime [28-30]. Moreover, due to the low nonlinearity, self and cross-phase
modulation are here negligible.

Figure 6 illustrates how, by simply changing the fiber length, the bi-photon JSI morphs from
the shape of highly correlated states into that of nearly separable states. The figure shows a
comparison between experimental and theoretically simulated JSI for fiber lengths going from 40
to 100 cm for the fiber filled with 3.4 bar of xenon as well as the associated Schmidt number K
(since simulations assume a flat phase, it is actually a lower bound of K). With a length of 1
meter, the phase matching function and the energy conservation function have about the same
width, resulting in an almost factorable state. Decreasing the length implies an increase of the
phase matching function width A¢, which gives an increasingly correlated JSI. In the current
setup, the minimum fiber length is limited to around 30 cm, mostly due to the size of the two gas
cells. The lobe-shaped region in the top right corner of the JSI profile is attributed to the non
perfect Gaussian spectral shape of the pump laser pulses. Such shape is due to residual self-phase
modulation taking place within the laser and which could be removed using appropriate filters or
pulse shaping techniques. The parameters used in the simulation are ¢t = 630 nm, Reg = 22 um
and P = 3.4 bar.



Research Article Vol. 27, No. 7 | 1 Apr 2019 | OPTICS EXPRESS 9811

Optics EXPRESS

0.2

A :

770 772 774 776 770 772 774 T76 T70 772 774 776 770 772 774 776

Xy [nm] s [nm] Ay [nm] A; [nm]

4
\\ 0; iK:mo
37 \ 0 o; i"z“}g-
e N 1234 :
5 AN Y 1234 |
\\\O\\ﬁk‘
1 ) ) Q MMMMM Q’ fffff 677"
(0] 20 40 60 80 100
L [cm]

Fig. 6. Top, comparison between experimental (1st row) and simulated (2nd row) JSI for
different fiber lengths when filled with 3.4 bar of Xe. The simulation takes into account
a modulation in the Gaussian shape of the pump laser spectrum. Bottom, corresponding
Schmidt number and Schmidt decomposition (assuming a flat phase).

5. Active tunability of the JSI

An extended control of the spectral properties is possible through the filling gas. Gas temperature
and, more notably, pressure can be used to actively impact the dispersion and nonlinear response.
The refractive index of the gas at temperature T and pressure P can be extrapolated from the
general Sellmeier equation at standard temperature and pressure conditions (7y,Pp) using:

P T

ngaz(/l, P,T) z\/l + (néaz(/ls Py, To) = 1). P_ T Q)

The overall dispersion in Eq. (4) results from a competition between the gas dispersion on one
side, which is pressure- and temperature-dependent, and the guide dispersion on the other side.
Thus, depending on the weight of one relative to the other, the overall dispersion is more or less
sensitive to a change of gas refractive index. For instance, fibers with large core have a lower
waveguide dispersion. Consequently they will be more sensitive to a change of gas refractive
index, caused by a pressure modification. Alternatively, smaller core or fiber filled with light
atomic weight gases, will be less sensitive to a change of gas refractive index as the waveguide
dispersion will be predominant.

Using the same fiber, we demonstrate this effect by characterizing the JSI of the source as a
function of gas pressure, for two different gases, namely argon and xenon (see Fig. 7). Noble
gases have been chosen because they are devoid of Raman scattering [31, 32], which eliminates
the usual main source of noise in fibered photon-pair generation. The Sellmeier equations of
xenon and argon are taken from [33,34] and their non-linear indices are n, = 9.2 10723 and 0.8
10723 m?/W/bar, respectively [35].
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Increasing the pressure has two effects. Firstly, the signal and idler are generated further apart
from the pump. For instance, we measured that changing the pressure from 3 bar to 3.65 bar of
xenon shifts the idler wavelength from 1531 to 1551 nm and the signal wavelength from 776 to
771 nm. The recorded frequency tuning over Aw = 17 THz is only limited by the tunability of
our seed laser. A linearization of the measured data gives a sensitivity of Aw = 27.4 THz/bar
in Xe and 5.6 THz/bar in Ar, which can be compared with recent work on temperature tuning
in solid core fibers where the reported sensitivity is 0.1 THz/°C [12]. Pressure tuning has the
advantages of being compatible with long fibers and free of Raman noise as well as offering
both high or low sensitivity according to the gas choice. Secondly, simulation also predicts
that changing the pressure slightly rotates the angle 6 of the phase matching of ~ 6°per bar of
xenon. Adjusting 6 can be used, for instance to fine-tune the purity of a heralded single photon
source whereas wavelength tuning can be used for instance to aim at a specific telecom channel
or atomic transition. With a tunable pump laser, it is also possible to tune the wavelength of one
photon while keeping the angle constant and vice-versa.

6. Conclusion

In this paper, we demonstrate that FWM in gas-filled hollow-core fibers provides a versatile
platform for generating and manipulating photon-pair states. In particular we show how the
intrinsic multiband dispersion of IC fibers can be exploited to access multiband FWM and
therefore various JSI shapes corresponding to spectrally factorable or correlated photon pair
states. In the case of inhibited-coupling fiber, we present a model relating fiber design, filling
medium and dispersion properties to allow for the design of specific fibers for given quantum
information applications. It is noteworthy that this very simple model involves only three design
parameters, namely fiber core diameter, strut thickness and gas refractive index without adjustable
parameter whatsoever.

The experimental results obtained with noble gases validate both the model and the concept of
JSI manipulation. A near-factorable JSI is experimentally demonstrated with signal and idler at
visible and telecom wavelengths respectively. The effect of fiber length variation on the degree
of spectral entanglement as well as the dynamic tuning of the signal and idler wavelength over
17 THz through gas pressure are in perfect agreement with the simulations. Future work will
investigate the tailoring of the pump spectral properties with a pulse-shaper for an improved
control of the spectral correlations as well as characterizing of the source in the photon pair
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regime. Note that, for this off-the-shelf fiber design and a pump of 1 mW, the generation efficiency
is expected to be on the order of 107> pairs/pulse in the spontaneous regime [36]. Furthermore,
we believe that using multiband FWM to access tailored spectral correlations can be extended to
other media such as for instance sequence of coupled micro-ring resonators [37,38].
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We report on the experimental characterization of a
novel nonlinear liquid-filled hollow-core photonic crystal
fiber for the generation of photon pairs at a telecommuni-
cation wavelength through spontaneous four-wave mixing
(SFWM). We show that the optimization procedure in
view of this application links the choice of the nonlinear
liquid to the design parameters of the fiber, and we give
an example of such an optimization at telecom wavelengths.
Combining the modeling of the fiber and classical charac-
terization techniques at these wavelengths, we identify for
the chosen fiber and liquid combination SFWM phase-
matching frequency ranges with no Raman scattering noise
contamination. This is a first step toward obtaining a tele-
com band fibered photon-pair source with a high signal-to-
noise ratio. © 2017 Optical Society of America
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Photon pairs that can give rise to either entanglement or to
heralded single photons are a basic resource for quantum infor-
mation protocols for quantum communications or linear optics
quantum computation. Recent achievements in entangled pho-
ton pair sources are mainly based on the second-order nonlinear
process of spontaneous parametric downconversion (SPDC) in
bulk crystals [1,2], and in waveguides [3]. The third-order
process of spontaneous four-wave mixing (SFWM) in fibers,
however, is an interesting alternative toward integration in fu-
ture quantum communication networks. Indeed, glass fibers
are widely investigated for various nonlinear applications [4].
They can exhibit very low absorption, strong confinement over
long distance, and high nonlinearities according to the chosen
glass. Moreover, the various design parameters in microstruc-
tured fibers allow for precise engineering of their propagation
characteristics, including for instance dispersion. Among the
third-order nonlinear processes associated with propagation
in glass fibers, one can cite not only parametric processes

0146-9592/17/132583-04 Journal © 2017 Optical Society of America

such as third-harmonic generation or four-wave mixing that
can generate new frequencies in the medium if the phase-
matching condition is satisfied, but also inelastic scattering
processes involving vibrational excitation modes of the medium
such as Raman scattering. Due to the amorphous nature of
glass, Raman scattering does not give rise to discrete lines,
but to a continuous broadband spectrum. This can be very use-
ful for realizing broadband amplifiers [5], but quite deleterious
for quantum optics applications such as photon pair generation
where Raman photons give rise to uncorrelated photon noise
that cannot be filtered [6,7]. The resulting signal to noise ratio
(SNR) limitation is an important issue for the practical use of
such sources for quantum information.

In order to combine high nonlinearity with a discrete line
Raman spectrum, the amorphous propagation medium can be
replaced by a crystalline medium [8,9], a liquid [10], or even a
gas [11]. In this last case, Raman noise can be totally eliminated
when using noble gases, and nonlinearity can be obtained at the
cost of very high pressure conditions in the fiber.

A very practical solution is to use liquid-filled hollow-
core photonic crystal fibers (LF-HC-PCF). They have been in-
vestigated either for designing Raman wavelength converters
[12—15] or, conversely, to show that the Raman lines can be
avoided in order to produce high SNR photon pairs through
SFWM. A near infrared LE-HC-PCF photon pair source was
recently reported, exhibiting a three-order-of-magnitude sup-
pression of the Raman noise [10].

In this Letter, we detail the influence of the liquid on the
guiding properties of the hollow-core photonic crystal fiber,
and we show how the optimization of the microstructured fiber
and liquid combination can provide low loss, Raman-free spec-
tral zones in the selected telecom transmission band where pho-
ton pairs can be generated through FWM by satisfying the
phase-matching condition. Avoiding the spectral overlap of
the two nonlinear processes can lead to a substantial increase
of the SNR of the pair generation. We demonstrate the first
nonlinear LF-HC-PCF with a transmission band and a zero
dispersion wavelength (ZDW) in the telecom wavelength range
as a first step toward a Raman-free photon pair source at such
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wavelengths. Prior to the description of the performed exper-
imental characterizations, we give a modeling of the changes in
the linear optical properties of the fiber induced by the liquid
filling. These investigations show the strong links between fiber
and liquid parameters that must be taken into account in order
to satisfy all the requirements of a photon pair source.

The properties of the empty fiber and the choice of the
liquid are related through the mapping of the transmission
band of the filled fiber to the target SFWM phase-matching
range. The ZDW is the reference wavelength around which
the phase-matching condition can be satisfied. It should be
ideally situated close to the middle of the transmission band
in order to obtain a broad range of possible signal and idler
wavelength pairs, which can be calculated from the dispersion
properties of the filled fiber. The choice of the liquid is also
constrained by its nonlinear coefficient, which determines
the pair generation efficiency and its low absorption losses
in the telecom range. Therefore, LE-HC-PCFs provide a very
versatile platform, allowing the engineering of linear and non-
linear properties through both fiber microstructure design and
liquid optimization. This Letter is based on the use of commer-
cial fibers and focused on the choice of the best associated
liquid.

On the practical side, both core and cladding are filled with
the chosen liquid: by placing both ends of the fiber in tanks, the
fiber automatically gets filled through capillarity. Liquids with
relatively low viscosity (1 mPa.s) will therefore be selected
in order to limit the fiber-filling process duration. The non-
toxicity (or low toxicity) of the liquid is also taken into account.
In this fully filled fiber, the photonic bandgap guiding property
is conserved, despite the reduced index contrast between the
glass part and the filled holes [16]. Any characteristic wave-
length A of the transmission band of the empty fiber is
shifted to Agjq in the following way, where the refractive index
of a medium is noted 7,,c4iym [15,16]:

2 2
silica liquid
— (1)

2
~ e

Afilled = Aempry -
To operate near the telecom wavelength of 1.55 pm, the empty
PCF transmission must be centered well beyond 1.55 pm. We
have chosen two commercial fibers (NKT Photonics) with
transmission bands centered on 2.3 pm (called Fiber A) and
2 pm (called Fiber B). Equation (1) provides a first estimation
of the liquid refractive index range (1.25-1.29) in order to shift
the transmission window to the telecom band. Fluorocarbon
liquids can be used with the further advantage of a low absorp-
tion in this range. In order to predict precisely the disper-
sion properties of the filled fiber, we investigated numerically
the impact of the filling on the transmission window for vari-
ous combinations of fibers and liquids. The finite-difference
frequency-domain (FDFD) simulations [17] are based on a
reconstructed fiber geometry. The parameters are directly ex-
tracted from SEM images of the fiber (see Fig. 1). It is note-
worthy that the parameters of pentagons and hexagons around
the core are slightly different from the rest of the cladding, as
shown in Ref. [18]. The limited precision in fiber parameter
extraction and the uncertainty of the exact refractive index
value of the liquid at telecom wavelength contribute to an error
on the absolute position of the ZDW. We can estimate an
upper bound of £30 nm to this error that mostly corresponds
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Fig. 1. Scanning electron microscope image of the microstructured
region of fiber A (right part of the image) and the reconstructed geom-
etry used for the simulation (left part), with the reconstruction param-
eters in the table: pitch A, core diameter 4, diameter of the round
corners of the cladding hexagons 4,, diameters of the cladding penta-
gons d, and hexagons , neighboring the fiber core, cladding thick-

ness 7 and cladding thickness around the fiber core 7, and #.

to a global shift of the group velocity dispersion (GVD) curve
with no impact on the curvature. Moreover, in the case of
fluorocarbon liquids selected in this Letter, we have checked
that the liquid dispersion can be neglected compared to the
waveguide dispersion.

Figure 2 shows the FDFD simulation results of the three
tested combinations. We plot a relative refractive index, sub-
tracting 72,4,, (index value at the ZDW), to allow for an easier
comparison of the ZDWs in the three cases.

The dispersion of the three simulated fibers has been char-
acterized by optical low-coherence interferometry (OLCI): the
interferometer experimental setup is described in Fig. 1 of
Ref. [19]. The measured interferogram allows the calculation
of the complex transmittivity from which the GVD of each
transmitted mode is derived. Table 1 summarizes the three
tested fiber characteristics. Only the fiber filled with
FC3283 (perfluorotripropylamine, CyF,;N) with a refractive
index of 1.28 exhibits a ZDW close to 1.55 pm, thus satisfying
the requirement for a photon pair source in the C-band. For
this fiber/liquid combination, the measured inverse group-
velocity f; of the fundamental mode is shown in Fig. 3 and
compared with the simulation. The measured ZDW is
1.552 pm = 3 nm. The FDFD simulated curve is in per-
fect agreement with the OLCI measurement of GVD.

2 O Fiber A + FCT5 . o Empty fiber A
150 O Fiber A + FC3283 Empty fiber B
o o O Fiber B + FC72 : s
1 J
Filling %+ i
+
il
________ t J
+
+
& J
1
t J
t
T J
1450 1550 1650 1750 2100 2400

A [nm]

Fig. 2. Calculated effective index of the fundamental mode as
a function of the wavelength. Note that the subtracted 7,4, has a dif-
ferent value for the three curves.
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Table 1. Optical Properties for Different Fiber/Liquid
Combinations?

Fibcr Liquid nliquid ZDW (nm)
A (HC2300) FC3283 1.28 1552

A (HC2300) FC75 1.27 1592

B (HC2000) FC72 1.25 ~1510
[10] (HC1550PM) Acetone d6 1.36 896

“The 3M references FCxxx have been used for the fluorocarbon liquids. The
NKT reference HCxxxx gives an approximate idea of the position of the
transmission band of the empty fiber, and the ZDW of the filled fiber has
been measured with OLCI. The configuration of Ref. [10] is also included
for comparison.

This technique also gives access to the dispersion of higher
propagation modes which can highlight coupling between dif-
ferent guided modes. We are especially interested in trying to
avoid surface modes that can induce anti-crossing with the fun-
damental mode [21]. In such a case, the guided mode would
then be a combination of the fundamental mode and a surface
mode, with a higher overlap with the silica structure therefore
inducing more losses, dispersion, and Raman noise. We have
checked that the chosen fiber-liquid combination does not
exhibit such an anti-crossing in a 100 nm wide window around
the ZDW where the photon pairs will be generated.

The nonlinearity of the LF-HC-PCF is also an important
parameter for the optimization of the SNR of the photon pair
generation. Because we use the fundamental propagation mode
with a low overlap with the silica structure, it is determined
solely by the nonlinear index of the liquid. We measure the
nonlinear index of the FC3283 through self-phase modulation
(SPM) broadening of square spectrum pulses, using the setup
described in Ref. [22]. The transmission spectra measured for
increasing incident power are shown in the left graph of Fig. 4.
Whereas the spectrum at low power exhibits a square shape, a
symmetric spectral broadening is observed for increasing power,
characterizing the SPM induced by an optical Kerr effect. By
comparing with simulated spectra, the nonlinear phase shift
Oy =ny A ,1Ppeak can be derived from the measured spectral
broademng, ‘with n, being the nonlinear refractive index, L
being the fiber length, A.¢ being the effective area, 4 being
the wavelength, and P, being the peak power injected in
the fiber mode. The square spectral shape of the pump pulses

4301 %10 ‘
®  Simulation

— 4.3005 u ]
g
=] m
E 4.3f “a
_ oW
T 4.2995¢

4299 ‘ ‘ ‘ ‘

1520 1540 1560 1580 1600
A [nm]
Fig. 3. Inverse group velocity of the fundamental mode for the

Fiber A/FC3283 combination (1) measured with OLCI (blue dots)
and (2) calculated with the FDFD simulation (green squares). The
index of the liquid is adjusted to 1.283 instead of the reported value
of 1.281 measured in the visible range [20].
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=== Standard Silica Fiber
=== Fiber A + FC3283

1575 1580 1585 1590 1575 1580 1585 1590
Alnm] Anm]

Fig. 4. Laser delivers 1.1 ps pulses (close to Fourier transform)
with a 50 MHz repetition rate; the peak power is 18 W for 1 mW
average power. Left, spectra of the square wave pulse generator trans-
mitted by the fiber for different levels of injected power; right, a
comparison between the fiber under study and a standard polarization-
maintaining fiber.

offers an improved sensitivity in measuring low nonlinear phase
shifts. The lowest nonlinear phase shift observed at 400 p\W
(see the pedestals on the spectra) is about 4 mrad. A nonlinear
phase shift of @y; = 10 mrad is obtained for an average power
of 1 mW in the LF-HC-PCF. This measured value is of the
order of the one obtained with a polarization-maintaining silica
fiber of the same length (Fig. 4). Taking into account the
experimental parameters and the characteristics of the fiber
(A = 95 pm?, L = 1 m), this leads to an estimated nonlin-
earity of the chosen liquid FC3283 7, = 1.1 x 102° m?/W.
This nonlinear coefficient, together with experimental param-
eters depending on the chosen setup, will determine the con-
version efficiency of the SFWM process in this LE-HC-PCF.

It is noteworthy that nonlinearities as large as two orders
of magnitude higher than silica can be obtained with other
liquids, such as carbon disulfide (hence, giving rise to a four
order-of-magnitude increase in the SFEWM efficiency). These
high nonlinearities are often associated with a high refractive
index, thus requiring the use of fibers with glass index higher
than silica. Higher index glass HC-PCFs have been reported
[23,24], but they remain more difficult to obtain than silica
HC-PCE.

From the classical linear and nonlinear characterization
presented in the previous part and from the Raman spectrum
of the FC3283 (see Fig. 5), we can predict the SFWM phase-
matching curve of the fiber and identify Raman-free zones
for the photon pair generation. In the case of SFWM with
degenerate pumps, signal and idler frequencies are constrained
by the energy 20, = w, + ®; and momentum conservation
Zﬁ( ) - ﬂ(w.c) + ,B((.O) where p:z and ﬂ( ,.v,z) rCSPCC'
tlvely, refer to the frequencies and wavevector of the pump, sig-
nal, and idler photons [4]. We define the phase-matching
function F(w,y, Aw) as

F=sing (@) -Blae+ 80)-Plae-2))S ), (2

with L being the fiber length and Aw = 0,9 - 0; = @, - w,
being the frequency difference between the pump and 1dler or
signal and pump.

The phase-matching function F, calculated in the case of a
strict energy conservation for a pump frequency @, can also be
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Raman Spectrum
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Fig. 5. Left, calculated probability density spectrum F of emission
of the pairs through SFWM and Raman lines (white dashed lines) as a
function of the pump wavelength 1, and the relative signal or idler
wavelength Al ; = 4,; - 4,. Right, Raman spectrum of the chosen
fluorocarbon liquid perfluorotripropylamine, CyF,;N, FC3283, re-
produced with permission from [25].

seen as a normalized probability density spectrum of photon
pair emission in the LF-HC-PCEF. Its dependence with pump
wavelength and relative signal or idler wavelength is shown
in Fig. 5. This two-dimensional plot allows us to choose the
experimental parameters: in the central red zone corresponding
to degeneracy of the signal and idler wavelengths, it is difficult
to separate the photon pairs from the pump. We are rather in-
terested in the quasi-parabolic parts on both sides with a large
wavelength separation between the signal and idler photons.
The superimposition of the Raman lines of the liquid on this
map shows the pump spectral ranges for which signal and idler
photons can be generated away from the Raman noise.

We have shown that the choice of the liquid allows us to
engineer both linear and non linear properties of a LF-HC-
PCF and, more specifically, the ZDW position, the nonlinear
coefficient, and the Raman-free zones. In this way, the phase-
matching wavelength range of the four-wave mixing process
and the photon pair generation efficiency can be optimized
with respect to the Raman line position. For a given commer-
cial fiber, we have identified at least one liquid that satisfies
all requirements toward the realization of a LF-HC-PCF
Raman-free photon pair source, with a ZDW in the desired
telecom range and a nonlinear coefficient comparable to what
is obtained with silica. Therefore, all the elements of a high
SNR fibered photon pair source at telecom wavelength, fully
operating at room temperature, are gathered. Moreover, the
engineering of nonlinearity and spectral correlation of the sig-
nal and idler photons could be further improved using a fiber
especially designed for this purpose. With the possibility to de-
sign specific fibers and to use various glass and liquid media, the
investigation of such a versatile fiber medium at telecom wave-
length can give rise not only to high quality sources, but also
to a variety of devices and, therefore, have a large impact on
quantum communication network development.
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Understanding cladding properties is crucial for designing microstructured optical fibers. This is
particularly acute for Inhibited-Coupling guiding fibers because of the reliance of their core guidance
on the core and cladding mode-field overlap integral. Consequently, careful planning of the fiber

. cladding parameters allows obtaining fibers with optimized characteristics such as low loss and broad

. transmission bandwidth. In this manuscript, we report on how one can tailor the modal properties

. of hollow-core photonic crystal fibers by adequately modifying the fiber cladding. We show that the
alteration of the position of the tubular fibers cladding tubes can alter the loss hierarchy of the modes
in these fibers, and exhibit salient polarization propriety. In this context, we present two fibers with
different cladding structures which favor propagation of higher order core modes — namely LP,; and

. LP,; modes. Additionally, we provide discussions on mode transformations in these fibers and show

. that one can obtain uncommon intensity and polarization profiles at the fiber output. This allows the

. fiber to act as a mode intensity and polarization shaper. We envisage this novel concept can be useful for
a variety of applications such as hollow core fiber based atom optics, atom-surface physics, sensing and
nonlinear optics.

Intense efforts have been devoted to hollow-core photonic crystal fiber (HCPCF) research since its first proposal
in 1995, In the latest years, HCPCFs have revealed themselves as a great platform for the understanding of the
waveguiding mechanisms and as an excellent tool for addressing diverse applications needs.

HCPCEF can guide light by photonic bandgap (PBG)! or Inhibited-Coupling (IC)? mechanisms. In PBG guid-
ing fibers, and similarly to total-internal reflection fibers, the coupling of the core mode to the cladding is forbid-
den because the cladding modal spectrum is void from any propagation mode at the core guided-mode effective
index-frequency space'. Otherwise, in IC guiding fibers, the core and cladding modes coupling is robustly min-
imized by having a strong mismatch in their transverse spatial phases and a small spatial overlap between their
fields?. In this context, the confinement loss (CL) in IC fibers, in contrast with PBG ones, is strongly dependent
on the core contour characteristics. This observation motivated the introduction of the hypocycloid-core contour
(i.e. negative curvature) in 2010%%, which allowed to attain a dramatic reduction in the transmission losses in IC
guiding HCPCFs.

Thus, a great interest was observed on the development of HCPCFs with hypocycloid-shaped cores and, in
particular, on the study of single-ring tubular lattice (SR-TL) HCPCF°. The growing interest in this sort of fibers

: has been motivated by their noteworthy properties, which encompass a cladding geometric simplicity combined

. with the absence of connecting nodes, and allows obtaining, by virtue of IC criteria, ultralow-loss and broad

. spectral transmission bandwidth®. In this framework, research papers have been published on the optimization
of SR-TL HCPCF design to reduce confinement and bend losses®™, to study their modal content and to achieve
single-mode operation®®-!'. Additionally, one can find in the literature a set of investigations on the use of such
fibers in applied fields as in mid-IR lasers'?, generation of single-cycle pulses'?, and sensing'*.
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SR-TL HCPCFs transmit light by IC guiding® In SR-TL HCPCFs, the lattice tubes define an hypocycloid core
contour, which lowers the spatial overlap between core and cladding modes. Additionally, it is endowed with a
silica microstructure which is void of structural nodes (which support low azimuthal number modes and disfavor
IC guidance)®.

As in SR-TL HCPCFs the core contour is demarcated by the tubes that forms the fiber cladding, the definition
of their geometric parameters are of great importance for designing the fiber properties. For instance, by ade-
quately choosing the diameter, the thickness and the number of tubes in the cladding, the researcher can design
fibers with different core sizes, predict the spectral location of the transmission bands and the losses levels which
are suitable for the desired application®'>.

Here, in a different fashion, we study and demonstrate that the alteration of the azimuthal position of the
cladding tubes can favor the propagation of higher order core modes, i.e., by adequately choosing the spacing of
selected cladding tubes, it is possible to tailor the fiber modal properties and alter the loss hierarchy of the modes
in the fiber. To achieve this goal, we used the findings of the detailed study on the Poynting vector in the trans-
verse plane of SR-TL HCPCF available in®, which concluded that the power leakage through the spacing between
the lattice tubes is strongly increased when this spacing between them is enlarged.

Thus, here, we explore this concept both theoretically and experimentally by studying and developing two
tubular fibers whose lowest loss modes are the LP,, and LP,,, instead of the LP,,. We believe that such control
feature on the mode loss hierarchy is unprecedented in optical fiber.

Additionally, we present experiments on mode transformations in these fibers with modified cladding struc-
tures. We show that interesting output intensity profiles can be obtained. In particular, for one of the studied
fibers, the superposition of LPy, and LP;; modes entails an LP,,-like intensity profile in the fiber output with
unusual orthogonal polarization sites. Remarkably, if the input light polarization is conveniently adjusted, these
orthogonal polarization regions can be individually or simultaneously excited. We envisage that these properties
can be useful for atom optics and sensing experiments.

Simulation Results

Figure 1 summarizes numerical simulation results for three SR-TL HCPCF:s fiber designs (FD). The first FD (see
top left of the panel Fiber Design #0 of Fig. 1a) is a SR-TL HCPCF with 10 tubes and constant spacing between
the tubes, used here as a reference to study the properties of the novel designs proposed in the following. The
second FD consists of a cladding with 8 tubes and two larger gaps defining an angle of 180° between them (Fiber
Design #1) and a third fiber with 8 tubes and four larger gaps apart 90° with respect to each other (Fiber Design
#2). The fibers have same core diameter (45 pm) and same tubes sizes (outer diameter D = 15 um and thickness
t=750nm). FD #1 is obtained from FD #0 structure by simply removing two tubes on the horizontal axis. The
obtained larger gaps measure 20.2 um. FD #2, in turn, has the same number of tubes than FD #1 but a different
azimuthal distribution of the same. Thus, in FD #2, we obtain two pairs of larger gaps, one along the horizontal
direction and the other along the vertical one. The larger gaps in FD #2 are narrower than in FD #1 and they
measure 12.3 um.

In Fig. 1, each of the FD panels shows the fiber structure transverse profile (top left), its effective index (top
right), and the CL spectrum of the most representative core modes that can be guided through the fibers - namely
the LP,;, LP,, and LP,; modes (medium of the panel). The intensity profiles of these modes are shown in the
bottom left. The bottom right of the panel shows the corresponding Poynting vector transverse component. It
is noteworthy that TE,-like, TM,-like and HE,,-like modes were found in the simulations of FD #0 and FD #2
due to its 10-fold and 4-fold symmetry, respectively. However, in FD #1, owing to its 2-fold symmetry, LP,,-like
modes were obtained in the simulations. In order to have homogeneous results between the different fibers under
test, we choose to analyze LP-like mode profiles and adopt the LP notation for simplicity. Within this context,
the LP,,-like modes profiles for FD #0 and FD #2 were obtained by a suitable superposition of the TE,,-like,
TM,-like and HE,;-like modes found in the simulations'®. Additionally, as LP modes with same azimuthal num-
ber can exhibit different field distributions, here we define as LP|,, the mode with the two lobes along the vertical
direction and as LP,,;, the mode having the two lobes along the horizontal one. Moreover, it is true that for each
field distribution there are two different polarizations. Since the numerical results show a weak dependence on the
polarization in the investigated fibers, we emphasize that we only consider the vertically polarized LP-like modes
in our analyses for simplicity.

The effective indices plots show comparable dispersion curves for the three FD. In contrast, the plots for the
CL reveal that the alteration of the azimuthal position of the cladding tubes in the fiber structure allows changing
the modes losses hierarchy. For FD #0, as expected, the simulation results show that the LP,, is the core mode with
lowest CL figures (with losses around 3.6 dB/km at 1000 nm), followed by the higher order modes. Instead, we see
that, for FD #1, the inclusion of larger gaps between the tubes at 180° enhances more than two decades the CL for
the fundamental mode LP,, and for the modes LP,};, while keeping low impact in the CL of the LP,,, and LP,,
modes. It entails that, for FD #1, the mode with lowest loss is the LP;,, mode, whose CL is calculated to be 33 dB/km
at 1000 nm - not so different than the loss of the same mode in FD #0 (12 dB/km).

In this context, it is also remarkable that FD #1 geometry entails very different loss figures among the modes
of LP,, family. It is noteworthy that the LP,,, mode, which has the zero electric field line separating the two lobes
passing through the larger gaps, exhibits much lower losses than the LP,,,, which has the zero line passing through
anarrower gap. The larger gaps between the cladding tubes in the horizontal direction causes the LP,;;,, mode field
to spread towards the silica jacket, which strongly deteriorates its confinement and highly increases its loss from
11 dB/km to 16500 dB/km at 1000 nm. Also, the LP,, mode has the zero line passing through the larger gaps
and, thus, shows a weak dependence on them. At 1000 nm, its CL passes from 70 dB/km in FD #0 to 360 dB/km
in FD #1. Finally, it is worthy observing in Fig. 1 that the larger gaps in the FD #1 cladding enhances the difference
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Figure 1. Schematic diagram for the cross sections of the studied fibers; plots for the effective refractive index
(n.g) and CL as a function of the wavelength for LP, (black curve), LP,}, (red curve), LP,,, (blue curve) and LP,,
(green curve); mode profiles and color map for the radial component of the Poynting vector (p, - in logarithmic
scale, at the wavelength of 1000 nm) for LP;,, LP,,,, LP,,;, and LP,,. (a) Fiber design #0: tubular fiber with identical
gap between the lattice tubes. (b) Fiber design #1: tubular fiber with two bigger gaps at 180°; (c) Fiber design #2:
tubular fiber with four bigger gaps at 90°. In the effective refractive index plots, the cladding tubes HE,, (LP,;)
dispersion (pink curves) is shown for comparison.

between the effective refractive indexes of LP;;, and LP,;, modes. At 1000 nm, the difference between their effec-
tive refractive indices is 7 x 107>,

Furthermore, by observing in Fig. 1 the FD #2 figures, we can observe that the addition of four larger gaps
defining an angle of 90° between each other again allows to change the modes losses hierarchy. For this fiber, the
inclusion of the bigger gaps at 90° deteriorates the losses of the LP;; mode, causing the modes with lowest losses
to be the LP,, and LP;; modes. In particular, at 1000 nm, the mode with the lowest loss is the LP,, one with CL
around 80 dB/km.

The explanation of how the alteration of the azimuthal position of the cladding tubes can modify the modes
losses hierarchy is centered on the fact that the power leakage through the spacing between the cladding tubes is
strongly increased when this spacing is larger®. To address this point, we calculated the power flux along the fiber
radial direction for the most representative modes guided through the fibers. The density of power flowing along
the radial direction is accounted by the normalized radial component of the Poynting vector, p, given by Eq. (1),
where E and ﬁ are the electric and magnetic fields of the mode, 7 is the radial unit vector, and p, the maximum

value of the longitudinal component of the Poynting vector®. The results of these simulations are shown in Fig. 1,
where p, (at the wavelength of 1000 nm) is plotted in logarithm scale.

1= — .
p=—E x H*-7

o2 (1)

It is seen that, for FD #0, the main channel for mode leakage is the direction along the lattice tubes instead of
the gaps between the same. For the mode LP,,, the electric field distribution does not depend on the azimuthal
angle. This results in a symmetric p, distribution on the fiber cross-section plane. Conversely, the modes with
non-zero azimuthal number exhibit one or more zero lines in the electric field distribution. For these modes, the
p: distributions show that the flux along these zero electric field lines is significantly lower. For the mode LP,,,,
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Figure 2. (a) Cross section of the fiber with two bigger gaps at 180° (F#1), (b) the transmitted spectra and (c)
the near field profiles for different lengths. (d) Measured loss for the LP,; mode (blue line) together with the
simulated CL (red line).
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Figure 3. (a) Cross section of the fiber with four bigger gaps at 90° (F#2), (b) the transmitted spectra and (c)
the near field profiles for different lengths. (d) Measured loss for the LP,, mode (blue line) together with the
simulated CL (red line).

this corresponds to the horizontal axis and, for LP,,, to the vertical direction. For the mode LP,,, zero electric
field lines exist along horizontal and vertical directions.

In FD #1, the larger spacing between the lattice tubes in the horizontal direction causes the gap between the
tubes to be the main channel for power leakage of LP;, and LP, ;. In fact, by comparing CL figures of FD #0 and
FD #1 we can observe that the CL of LP;, and LP, ;, significantly increase whereas the variation for the CL of LP,,
and LP,, is much weaker. As a consequence of that, in FD #1, the LP,;, mode becomes the lowest loss one. This
property is confirmed by the results of FD #2. In this case, the only mode having zero electric field lines along the
direction of the two pairs of larger gaps (and, thus, low p, along these directions) is the LP,; mode. Therefore, it
exhibits the lowest CL in this fiber (around 1000 nm wavelength).

To stress that the change in the modes loss hierarchy in these fibers is due to the modification in the fiber
cladding rather than any resonant coupling of the core modes to the cladding, we provide in Fig. 1 the dispersion
curve for the fundamental mode of the cladding tubes (pink line). We see there is a great difference between the
core modes effective refractive indexes and the effective refractive index of the fundamental mode in the cladding
tubes, which excludes the possibility of resonant coupling between them.

Ergo, we can observe that the CL hierarchy of the fiber modes can be effectively tailored by working on the
tubular fibers cladding unit-cell. In this approach, we take into account the field distributions of the core modes
and strategically enlarge selected gaps between the cladding tubes in order to favor the propagation of higher
order modes.

Fiber Fabrication and Loss Measurement

To experimentally study the results attained in the simulations, we performed the fabrication of two different
fibers, which reproduced the characteristics of the ones studied in the last section (Figs 2a and 3a show their cross
sections). The fibers were fabricated by using stack-and-draw technique. Here, we refer to the fabricated fibers as
F#1 and F#2 to avoid confusion with the simulated ones. F#1 structure has larger gaps between the tubes defining
an angle of 180° between them. F#2 has, instead, larger gaps at 90° between each other. The larger gaps between
the tubes in F#1 measure (17.0 = 0.2) um while the smaller ones measure (4 + 1) um. In F#2, the larger gaps
between the lattice tubes measure (9.2 +0.8) um and the smaller ones (3.4 £ 0.4) um.

Cutback measurements were performed in order to account for LP,, and LP,, losses in F#1 and F#2 respec-
tively. To achieve this, we optimized the input coupling conditions to obtain the LP,, and LP,, profiles at the fibers
output before performing the cutback. It was done by both offsetting the input beam from the fiber center and/
or by conveniently tilting it. Figure 2b show the transmitted spectra through F#1 for different fiber lengths. For
each fiber length, the output beam profile is recorded to ensure that only the mode of interest is excited. Figure 2¢
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Figure 4. (a) Electric field profiles of LP, y, LP,}, y, and of the superposition of these modes in FD #1
(ELpory Erpiiay and Ey). |Ey|? stands for the intensity profile. (b) Electric field profiles of LP, x, LP,,,x, and
of the superposition of these modes in FD #1 (E;py, x> Erp11ax 20d Ey). |Ex|? stands for the intensity profile.
(c) Resultant intensity profile for the superposition of the LPy; and LP,,, modes as a function of the input
polarization angle (0). Arrows represent the electric field.

shows the reconstructed near field profiles for the spectra presented in Fig. 2b. Here, the camera images were
superposed to the fiber cross section to help visualization. The results shown in Fig. 2¢ readily demonstrate that
the measured loss (Fig. 2d, blue line) stands for the LP,; mode loss in F#1, measured to be 200 dB/km for wave-
lengths around 1000 nm. Also, it is shown in Fig. 2d the CL for LP,, which was simulated from a model based of
the fiber microscopy image (red line). A good agreement is seen between simulated and experimental results.

Analogously, Fig. 3b show the transmitted spectra through F#2 for different fiber lengths when the fiber out-
put was that of the LP,; mode (near field profiles available in Fig. 3¢, with camera images superposed to the fiber
cross section to help visualization). The measured loss for the LP,, mode in F#2 was accounted as 300 dB/km for
wavelengths around 1000 nm (Fig. 3d). Similarly to F#1, the simulated CL for LP,, mode in F#2 (red line) com-
pares well with the measured results. It is noteworthy that it is the first time that exciting selectively LP,, or LP,,
over such long section of fiber of this type is reported.

Mode Transformations In Modified Cladding Fibers

Although the tubular fibers with modified cladding we study herein can favor the propagation of higher order
modes and change the modes losses hierarchy in the fibers, we can, by adequately tuning the coupling conditions,
excite combinations of the modes supported by the fiber structure. Indeed, we could, by conveniently tuning the
light launching conditions, obtain LP,-like and LP;-like mode profiles in F#1 output, and LP,-like, LP,;-like,
and LP,;-like mode profiles in F#2 output. The observation of these mode profiles is consistent to the modal con-
tent of F#1 and F#2 measured using spectral and spatial imaging technique (S* technique)'’, which detected that
LP,, and LP,, contributions in F#1 output and LP,,, LP;, and LP,, contributions in F#2 output.

In this section, we show that owing to the possibility to excite combinations of these modes on one hand and,
on the other, due to their particular polarization properties, we can generate interesting output intensity profiles
with unusual intensity profile and polarization distributions. The fiber, thus, acts as a mode intensity and polar-
ization shaper.

As an example, we investigated the superposition of LP;, and LP,,, modes in FD #1 to illustrate the fiber inten-
sity and polarization shaping capability. Figure 4a,b show the simulated electric field distributions of vertically
and horizontally polarized LP;, and LP,;, modes (E;p; y» E1po1 x> Erpi1ay and Epp1,x), and the electric field and
intensity profile which results from their superposition (Ey, Ey, |Ey|* and |Ex|?), calculated according to Eq. (2)
and Eq. (3). In Eqs (2) and (3), o, 3, , and & are constants that account for the contributions of the LPy, y, LP,,, v,
LPy, x and LP,,, x modes to the output profile. The Ey, Ey, |Ey|* and |Ey|?profiles shown in Fig. 4 were calculated
for a=0.75,3=0.25,y=0.75, and 6=10.25.
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Figure 5. (a) Experimental setup for the mode transformations characterizations. HWP: half-wave plate;

L1 and L2: lenses; BS: beam splitter; PBS: polarizing beam splitter; C1, C2 and C3: CCD cameras. (b) Output
intensity profile of F#1 measured in C1 for different input polarization angles. Output intensity profiles
measured in C1, C2 and C3 for (¢) F#1 and for (d) a standard telecom optical fiber. (e) Polarization ellipses from
polarimeter data for upper and bottom lobes in the LP,;-like profile of F#1 output. (f) Output intensity profile
of F#2 measured in Cl1 for different input polarization angles. In (b,f) the camera images were superposed to the
fiber cross section for better visualization.

Ey = a Epory + B Eppriay (2)

Ey = Erporx + 0 Erpriax (3)

In Fig. 4a, we observe that a y-polarized lobe at the bottom half of the core can be obtained if vertically polar-
ized light is launched into the fiber. Otherwise, Fig. 4b shows that, if horizontally polarized light is coupled into
the fiber, an x-polarized lobe at the upper half of the core is obtained.

An interesting outcome of the above properties is seen when we examine a beam with such modal content
after passing through a polarizer which axes are defined by an angle 6 with respect to the horizontal plane. The
resulting intensity is given by Eq. (4):

E@)f = [(vE porx + 0 Eppiyg, xcosd + [(a Epory + 6 ELPlla,Y)Sine]z 4)

Figure 4c shows the intensity profiles for different 6 values (obtained by using o =0.75, 3 =0.25, y=10.75,
and §=0.25). It is observed that, as the polarization angle is changed, the output intensity profile is altered so
that a LP,,-like mode profile with unusual orthogonal polarization regions can be obtained when 6 =45°. This is
remarkable and very different from the usual electric field configuration of a LP,; mode output, whose electric
field orientation at the lobes are parallel. When 6 =0° and 8 =90°, we obtain, respectively, the x- and y-polarized
lobes at the upper and bottom halves of the core, which is consistent to Fig. 4a,b results.

The experimental demonstration of this intensity spatial-mode shaping principle was carried for both F#1
and F#2, and it is shown in Fig. 5. The setup employed (Fig. 5a) uses a diode laser at 1070 nm to couple into the
fiber under test, CCD cameras (C1, C2 and C3) for beam profile recording, and polarizing optical components to
control the beam polarization at fiber input and at the different output ports.

Figure 5b presents the output LP,,-like intensity profiles measured in C1 for different input polarization angles
(0) for a 3.6 m long F#1 (the camera images were superposed to the fiber cross section to help visualization). We
observe that, consistently with the simulations shown in Fig. 4c, the alteration of the input light polarization allows
obtaining the bottom lobe, the upper lobe or both lobes in the fiber output. Additionally, Fig. 5¢c exhibits that, for the
situation in which the fiber output has the two-lobed LP,;-like profile (observed in C1), the detected profiles in C2
and C3 are that of the upper and bottom lobes respectively. As C2 and C3 are placed at different ports of the PBS, we
conclude that the lobes in the output profile of the F#1 have orthogonal polarization states, as the simulations have
predicted. For comparison, we show in Fig. 5d the profiles detected in C1, C2 and C3 when F#1 is replaced by a 1 m
long standard telecom fiber (singlemode at 1550 nm, but which supports few modes at 1070 nm). The procedure for
LP,, excitation in the telecom fiber was the same than the one performed to couple the higher order modes in the
tubular fibers - the input beam was conveniently offset and tilted to obtain the desirable output profile. As expected,
the lobes of the LP;; mode in the telecom fiber have parallel polarization direction and, therefore, the mode profile
is not split by the PBS. The property of having an LP,,-like output profile with orthogonal polarization sites is, there-
fore, remarkable and very particular to the tubular fiber design we study herein.

SCIENTIFICREPORTS|

(2019) 9:1376 | https://doi.org/10.1038/s41598-018-37948-y 6



www.nature.com/scientificreports/

Additionally, we measured, by replacing C1 by a polarimeter, the polarization state of each lobe in F#1 output
profile individually. It was done by selectively blocking the LP,,-like profile lobes and launching the resulting light
into the polarimeter. Figure 5e shows the polarization ellipses measured in the polarimeter for both lobes. The
ellipticity (¢) of the polarization ellipses was measured as 0.15 and 0.21 for the upper and bottom lobe respectively.
The crossed orientation of the polarization ellipses shown in Fig. 5e confirms that the lobes in F#1 output inten-
sity profile have indeed mutually orthogonal polarization states.

Furthermore, we show in Fig. 5f that it is also possible to tune the output intensity profile shape when using
F#2. For this one, we see that the rotation of the input polarization angle (6) allows to obtain two lobes at the bot-
tom or at the upper part of the core at the fiber output, which, once again, is very distinctive. By simply rotating
the polarization angle, we can obtain a variety of intensity profile such as ones with two and three lobes.

Conclusion

In conclusion, we theoretically and experimentally investigated the properties of IC guiding tubular fibers with
modified cladding structures. A strategic modification of the azimuthal position of the tubular fiber cladding
tubes allows altering the mode losses hierarchy in these fibers. To study this new concept, we studied two novel
fibers with modified cladding structures, which favored the propagation of LP, and LP,, modes. In addition, we
showed that it is possible to work on the combinations of the modes in the fibers with modified cladding in order
to obtain interesting intensity and polarization profiles at the fiber output. We believe that this concept will be
useful for new experiments in HCPCF based sensing, atom optics, atom-surface interaction and nonlinear optics.
For example, in alkali atom filled HCPCF experiments such as the ones reported in', the ability to excite the atoms
with such intensity profiles could be useful to assess the contribution of the atom-surface interaction compared to
a Gaussian-like profile. Also, the capability to excite selectively such polarization dependent modes would open
the control parameter space in nonlinear optical experiments. Furthermore, it should also be said that the loss
levels reported here could be reduced if a cladding structure with lower confinement loss such as nested cladding
tubes is used’. Finally, the results reported herein reinforce the idea that a deep understanding of the fiber clad-
ding is key for designing IC guiding optical fibers with the desired characteristics and performances.

Data Availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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