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http://dx.doi.org/10.1364/ao.XX.XXXXXX Photon pairs that can give rise either to entanglement or to heralded single photons are a basic resource for quantum information protocols for quantum communications or linear optics quantum computation. Recent achievements in entangled photon pair sources are mainly based on the second order nonlinear process of spontaneous parametric down-conversion (SPDC) in bulk crystals [1,2], and in waveguides [3]. The third order process of spontaneous four-wave mixing (SFWM) in fibers is however an interesting alternative towards integration in future 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 microstructured fibers allow for a precise engineering of their propagation characteristics, including for instance dispersion. Among the third order nonlinear process associated with propagation in glass fibers, one can cite not only parametric process 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 process 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 useful 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 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 investigated either for designing Raman wavelength converters [12][13][14][15] or conversely to show that the Raman lines can be avoided in order to produce high signal to noise ratio photon pairs through SFWM. A near infrared LF-HC-PCF photon pair source was recently reported, exhibiting a three orders of magnitude suppression of the Raman noise [10].

In this paper 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 spectral zones in the selected telecom transmission band where photon 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 signal to noise ratio (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 towards a Raman-free photon pair source at such wavelengths. Prior to the description of the performed ex-perimental 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. These LF-HC-PCF therefore provide a very versatile platform, allowing the engineering of linear and nonlinear through both fiber microstructure design and liquid optimization. The present work is based on the use of commercial 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 band gap guiding property is conserved despite the reduced index contrast between the glass part and the filled holes [16]. Any characteristic wavelength l empty of the transmission band of the empty fiber is shifted to l filled in the following way, where the refractive index of a medium is noted n medium [15,16]: To operate nearby the telecom wavelength 1.55 µm, the empty PCF transmission must therefore be centered well beyond 1.55 µm. We have chosen two commercial fibers (NKT Photonics) with transmission bands centered around 2.3 µm (called Fiber A) and 2 µm (called Fiber B). Eq. ( 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 absorption in this range. In order to predict precisely the dispersion properties of the filled fiber, we investigated numerically the impact of the filling on the transmission window for various combinations of fibers and liquids. The finite difference frequency domain (FDFD) simulations [17] are based on a reconstructed fiber geometry. The parameters are directly extracted from SEM images of the fiber (see Fig. 1). It is noteworthy that the parameters of pentagons and hexagons around the core are slightly different from the rest of the cladding as shown in [18]. 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. Moreover, in the case of fluorocarbon liquids selected in this work, 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, subtracting n zdw (index value at the ZDW), to allow for an easier comparison of the zero dispersion wavelengths in the three cases.

l filled = l empty v u u t n 2 silica
The dispersion of the three simulated fibers has been characterized 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 group-velocity dispersion (GVD) of each transmitted mode is derived. Table 1 summarizes the three tested fiber characteristics. Only the fiber filled with FC3283 (perfluorotripropylamine, C 9 F 21 N) with a refractive index of 1.28 exhibits a ZDW close to 1.55µm thus satisfying the requirement for a photon pair source in the C-band. For this fiber/ liquid combination the measured inverse group-velocity b 1 of the fundamental mode is shown in Figure 3 and compared with the simulation. The measured ZDW is 1.552µm ± 3nm. The FDFD simulated curve is in perfect agreement with the OLCI measurement of group velocity dispersion. This technique also gives access to the dispersion of higher propagation modes which can highlight coupling between different guided modes. We are especially interested in trying to avoid surface modes that can induce anti-crossing with the fundamental mode [20]. In such a case, the guided mode would then be a combination of the fundamental mode and a surface mode, with higher overlap with the silica structure inducing therefore 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 signal to noise ratio 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 broadening of square spectrum pulses, using the setup described in [22]. The transmission spectra measured for increasing incident power are shown in the left graph of Figure 4. Whereas the spectrum at low power exhibits a square shape, a symmetric spectral broadening is observed for increasing power, characterizing the self-phase modulation process (SPM) induced by optical Kerr effect. By comparing with simulated spectra, the nonlinear phase shift F NL = n 2 2pL A eff l P peak can be derived from the measured spectral broadening, with n 2 the nonlinear refractive index, L the fiber length, A eff the effective area, l the wavelength and P peak the peak power injected in the fiber mode. The square spectral shape of the pump pulses offers an improved sensitivity in measuring low nonlinear phase shifts. The lowest nonlinear phase shift observed at 400 µW (see the pedestals on the spectra) is about 4 mrad. A nonlinear phase shift of F NL = 10mrad is obtained for an average power of 1mW 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 eff = 95µm 2 , L = 1m) , this leads to an estimated nonlinearity of the chosen liquid FC3283 n 2 = 1.1x10 20 m 2 /W. This nonlinear coefficient, together with experimental parameters depending on the chosen setup will determine the conversion efficiency of the SFWM process in this LF-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 orders of magnitude increase in the SFWM efficiency). These high nonlinearities are often associated to a high refractive index, thus requiring the use of fibers with glass index higher than silica. Higher index glass HC-PCF have been reported [23,24], but they remain more difficult to obtain than silica HC-PCF.

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 phasematching 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 : 2w p = w s + w i , and momentum conservation : 2b(w p ) = b(w s ) + b(w i ) where w p,s,i and b(w p,s,i ) respectively refer to the frequencies and wavevector of the pump, signal and idler photons [4]. We define the phase-matching function F(w p0 , Dw) as:

F = sinc 2 ((2b(w p0 ) b(w p0 +Dw) b(w p0 Dw)) L 2 ) (2) 
with L the fiber length and Dw = w p0 w i = w s w p0 the frequency difference between pump and idler or signal and pump.

The phase matching function F, calculated in the case of a strict energy conservation for a pump frequency w p0 , can also be seen as a normalized probability density spectrum of photon pair emission in the LF-HC-PCF. Its dependence with pump wavelength and relative signal or idler wavelength is shown in Fig. 5. This two dimensional plot allows 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 interested in the quasi-parabolic parts on both sides with a large wavelength separation between 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 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 commercial 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. All the elements of a high SNR fibered photon pair source at telecom wavelength, fully operating at room temperature are therefore gathered. Moreover the engineering of nonlinearity, spectral correlation of the signal and idler photons could be further improved, using a fiber especially designed for this purpose. With the possibility to design specific fibers, and to use various glass and liquid media, the investigation of such a versatile fiber medium at telecom wavelength 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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 1 Fig. 1. 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 L , core diameter d, diameter of the round corners of the cladding hexagons d c , diameters of the cladding pentagons d cp and hexagons d ch neighbouring the fiber core, cladding thickness t and cladding thickness around the fiber core t p and t h .
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 2 Fig. 2. Calculated effective index of the fundamental mode as a function of wavelength. Note that the subtracted n zdw has a different value for the three curves.
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 13 Fig. 3. Inverse group velocity of the fundamental mode for the Fiber A / FC3283 combination (i) measured with OLCI (Blue dots) (ii) calculated with the FDFD simulation (greenThe index of the liquid is adjusted to 1.283 instead of the reported value of 1.281 measured in the visible range[21].

Fig. 4 .

 4 Fig. 4. The laser delivers 1.1 ps pulses (close to Fourier transform) with a 50MHz repetition rate ; the peak power is 18W for 1mW average power; Left : Spectra of the square wave pulse generator transmitted by the fiber for different levels of injected power. Right : Comparison between the fiber under study and a standard polarization maintaining fiber.

Fig. 5 .

 5 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 l p and the relative signal or idler wavelength Dl s,i = l s,i l p ; Right: Raman spectrum of the chosen fluorocarbon liquid: perfluorotripropylamine, C 9 F 21 N, FC3283, reproduced with permission from[25] 
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