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We demonstrate, build and optimize evanescent Raman converters at the sub-nanosecond regime based on a silica nanofiber immersed in ethanol. Two different standard silica fibers (SMF28, 460HP) are tested and compared. The converters are pumped at 532 nm and deliver pulses at 630 nm, which is the first Stokes order wavelength of ethanol. They present highly reproductible performances. A maximum output Stokes energy of 0.29 J is usually reached with an external conversion efficiency of 60%. Lowering the Raman threshold and pushing up the nanofiber breakdown allow a higher conversion operating range, that is the conception key of these converters.

INTRODUCTION

Optical nanofibers are fibers stretched until reaching diameters comparable or smaller than the light wavelength. For these diameters, nanofibers exhibit a strong confinement of light enabling the investigation of nonlinear effects [1] like the generation of supercontinuum [2]. They also have an intense evanescent field that can be exploited for different applications such as optical traps [3], optical sensing [4] and spectroscopy [5]. However, the generation of nonlinear effects in the evanescent field of the nanofiber remains limited. In this paper, we are interested in the Raman scattering in the evanescent field of a nanofiber immersed in a liquid as the "evanescent nonlinearity". The evanescent Raman effect was previously observed with a few-cm-length nanofiber immersed in ethanol and in toluene by using sub-nanosecond pump pulses at 532 nm. This first observation was investigated using nanofibers that allow a maximal modal Raman gain [6]. The output energy of the first Stokes order of the Raman liquid was limited to 0.11 J by the breakdown of the nanofiber and never exceeded the transmitted pump energy. Extracting more Stokes energy requires increasing the Raman conversion operating range. It is then mandatory to decrease the Raman threshold and to increase the nanofiber breakdown threshold. One alternative is to decrease the pump pulse laser duration until a few tens of ps. Another alternative is to keep the subnanosecond regime and to increase the diameter of the nanofiber. However, higher diameters would increase the Raman threshold because the intensity of the evanescent field would be decreased. A compromise has to be established by finding the nanofiber diameter that enables the extraction of the maximal output energy at the Stokes wavelength. In this context, we propose a design of a Raman converter based on a nanofiber immersed in a liquid that allows to extract the maximum of the Stokes energy [7]. Two different fibers are compared. The efficiency and the reproducibility of this evanescent Raman conversion are studied.

The paper is structured as follows: we dedicate the first section to model the evanescent Raman conversion. The structure of the converter is described in the second section. In the following section, we detail the nonlinear characterization of the proposed converter and we study the efficiency and the reproducibility of its conversion in the last section. We obtain an output Stokes energy of 0.29 J at 630 nm i.e. a value that is almost three times higher than the previous results. An external Raman conversion efficiency around 60% is reached with a high reproducibility opening the way to a new family of low-cost compact and efficient all fibered Raman sources that can be directly inserted in optical fibered networks.

EVANESCENT RAMAN CONVERSION MODELLING

The nanofiber is composed of a waist and two symmetrical tapers which are the transition sections between this waist and the unstreched parts of the fiber L1 and L2 as shown in Figure 1. The input pump beam is injected in L1 and propagates in the core of the fiber. It then enters the left taper where the fiber dimensions (core radius rco, cladding radius rclad) start to be progressively reduced. The taper is modeled as a three-layer structure combining the fiber core, the fiber cladding and the surrounding external medium. The pump beam enters the nanofiber waist which is assimilated to a two-layer structure composed by the fiber cladding and the external medium since the fiber core can be totally neglected in this part. The modes are considered to be scalar in the taper. For the nanofiber's radii equal or lower than the wavelength, the propagating modes are assumed to be vectorial because of the large index. The beam then propagates in the right taper and is collected at the end of the un-stretched part L2 as core mode. By immersing the nanofiber in a liquid, the incident pump photons of the evanescent field are scattered through Raman diffusion under the form of lower energy photons called Stokes photons.

That is what we call "evanescent Raman conversion" [7,8]. For example, if the pump pulses are emitted at p = 532 nm and the immersing liquid is pure ethanol, the first Stokes order photons are scattered at s = 630 nm. The evanescent part of the mode propagating in the external medium is significant. Figure 2 shows the fraction of the evanescent part of the fundamental mode field 𝑓 𝑒𝑣 as a function of the nanofiber radius for p = 532 nm and pure ethanol whose expression is the following:
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Where 𝑒 and ℎ are the respectively electric and the magnetic fields. For the nanofiber's radii range we are considering (between 220 nm and 300 nm) and for the fundamental mode HE11, 𝑓 𝑒𝑣 is always higher than 0.38.

One key parameter behind the evanescent Raman conversion is the evanescent Raman threshold. We consider that the Raman threshold is achieved when the transmitted pump energy Ep,out equals the first Stokes order energy Es,out. We introduce the critical parameter  expressed as 𝛾 = 𝑔 𝑅𝑚 𝐿 𝑤 𝑃 𝑖𝑛 where 𝑔 𝑅𝑚 is the modal Raman gain (in m-1.W-1) and 𝑃 𝑖𝑛 is the peak pump power [9]. For sub-nanosecond pulses,   23 at the Raman threshold [6,7]. The expression of the modal Raman gain 𝑔 𝑅𝑚 is the following [10]:

𝑔 𝑅𝑚 = 𝜀 0 𝑐 2 ∬ 𝑔 𝐿 𝑛 𝐿 2 |𝑒 𝑝 . 𝑒 𝑠 | 𝑎𝑐𝑡𝑖𝑣𝑒 𝑎𝑟𝑒𝑎 2 𝑑𝐴 ∬ (𝑒 𝑝 × ℎ 𝑝 ). 𝑧t 𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑑𝐴 ∬ (𝑒 𝑠 × ℎ 𝑠 ). 𝑧t 𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑑𝐴 (2) 
Figure 1. Evanescent Raman conversion scheme. Figure 2. Evanescent fraction of the pump field on HE11 at 532 nm versus the nanofiber radius.
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where 𝑔 𝐿 (in m. W-1) is the Raman gain coefficient of the liquid and n 𝐿 is its refractive index. 𝜖 0 and 𝑐 are, respectively, the dielectric permittivity and the light celerity in vacuum; 𝑒 and h represent respectively the electric and the magnetic fields; p and s stand for, respectively, pump and Stokes. Since the modal Raman gain of the crossed interactions between modes is very weak, we assume that both the pump and the Stokes beams are propagating on the same mode.

The variations of 𝑔 𝑅𝑚 with the nanofiber radius for the modes HE11, TM01, TE01 and HE21 are shown in Figure 3. We observe that there is a radius optimizing 𝑔 𝑅𝑚 for each plot. When the radius is smaller, the beam structure approaches a plane wave spreading along important distances and so, the amplitude of the evanescent field decreases reducing the gain. However, larger radii make the mode more confined in the fiber core and so, the Raman gain decreases.

For nanofiber radii between 220 nm and 350 nm and an input peak power of 1kW, the evanescent Raman threshold can be achieved with waist lengths Lw between 5 cm and 8 cm which is possible with our pulling system. For the higher order modes, higher radii are needed to achieve the maximal modal Raman gain. This gain does not exceed 0.2 m-1. W-1 but it can be compensated by pulling longer nanofibers (Lw = 15 cm for TM01 and at R = 508 nm).

EVANESCENT RAMAN CONVERTER STRUCTURE

The proposed evanescent Raman converter is based on the component drawn in the section above and depicted in Figure 1.

The immersed parts in the Raman liquid are the nanofiber waist and the tapers. L 1 and L 2 are needed to make the manipulation easier and to facilitate the light injection and collection. L 1 and L 2 should be long enough for practical use but short enough to avoid parasitic nonlinear effects as it will be explained later.

The nanofiber is fabricated following the "pull and brush" technique with the pulling system described in [6]. A butane flame softens the central part of the fiber while two translation stages elongate it. The flame flow and intensity and the stages are fully computer-controlled, which allows to create reproducible nanofibers with high light transmission. Based on the target parameters of the nanofiber (nanofiber radius R, waist length Lw), the pulling process is divided into N cycles.

During each cycle, the radius of the fiber cladding is reduced by a constant ratio to reach the nanofiber waist radius at the end of the last cycle and the taper is elongated. At the n th cycle, the heat zone length is chosen as a power law of n, enabling to create few-cm length tapers. This fabrication process is performed in a class-5 cleanroom to avoid the presence on the dust. As soon as the nanofiber is immersed in the Raman liquid, the experiment can be carried on in laboratory conditions.

Based on the values of 𝑔 𝑅𝑚 represented in Figure 3, the converter's radii are chosen to be between 220 nm and 350 nm, which corresponds to a modal Raman gain between 0.35 m-1. W-1 and 0.98 m-1. W-1. Lw is fixed to 8 cm which is the highest length we can have with our pulling system.

We choose to pull the nanofiber from two different fibers : a single mode fiber at 532 nm (460HP from Thorlabs) and a single mode fiber at 1550 nm (SMF28 from Corning). Since the SMF28 fiber is highly multimode at p = 532 nm, high order modes should be filtered to allow only the propagation of the fundamental mode HE11. One way to filter higher order modes is to pull L1 over a few-cm length until reaching the cutoff frequency of the first higher order mode and to keep the fiber short and straight after the filter.

Figure 3. 𝑔 𝑅𝑚 versus nanofiber radius for HE11, TM01, TE01 and HE21.

To guarantee high light transmission, special attention should be paid to the tapers adiabaticity. The tapering angle has to be small enough to avoid coupling between the fundamental and higher order modes. We study the adiabaticity for the fundamental mode LP01. The adiabaticity criterion that is usually adopted is [11]: is the beating length. 𝛽 1 is the local propagation constant of the pump mode LP01 and 𝛽 2 is the local propagation constant of the mode having the highest chance to couple with it because of the azimuthal dependence, i.e. LP02.

Fixing L w to 8 cm, we consider three nanofiber samples : NF1 (R = 220 nm), NF2 (R = 300 nm) and NF3 (R = 350 nm). The tapers created for these three samples are the same for both fibers SMF28 and 460HP with lengths Lt respectively equal to 5 cm, 4.5 cm and 4 cm. The normalized slopes of the three tapers profiles are plotted as a function of the relative radius in Figure 4. The adiabaticity boundaries at 532 nm and 630 nm for both fibers are also represented.

Figure 4 shows that making the taper adiabatic with SMF28 is easier than with 460HP for the fabricated taper profiles. Indeed, the adiabaticity boundary for the SMF28 taper curve has a punctual minimum of 0.0035 m-1 for a relative radius of 0.15. This minimum is not as punctual for the 460HP taper and it is maintained over a relative radius range extending from 0.3 to 0.55 keeping a value of 0.0019 m-1. When the nanofiber is immersed in ethanol, the light transmission of the whole component at 532 nm defined as the ratio between the output energy 𝐸 𝑝,𝑜𝑢𝑡 and the input energy 𝐸 𝑖𝑛 is experimentally 90% for the SMF28 and 87% for the 460HP. These transmission values are almost the same for the three taper profiles. The adiabatic boundary curves are right-shifted when the wavelength increases which keeps the tapers adiabatic at the Stokes wavelength of ethanol S = 630 nm.

NONLINEAR CHARACTERIZATION OF THE CONVERTER

In order to obtain the maximal Raman conversion efficiency, controlling the undesired nonlinear effects is mandatory. The experimental setup presented in Figure 5. A pulsed pump laser (from HORUS) emits a beam at 532 nm with a maximum available peak pump power of 7 kW, a pulse duration of 900 ps and a frequency rate repetition of 4.7 kHz. A lens L1 with a focal distance of 10 cm collimates the pump light and the association of a half plate and a polarizing beam splitter helps us to control the incident pump power since the laser is linearly polarized. Part of the pump beam then passes through a glass plate. The converter is immersed in a tank filled with the Raman liquid. The pump beam is injected by a microscope objective (x20, NA 0.35) in the untapered input end of the fiber L1, propagates in the nanofiber and is collected at the output end of the fiber L2. The role of the glass plate is to reflect the backward beams into an optical spectrum analyzer OSA2 while OSA1 will analyze the forward beams. (

We depict in Figure 6 the spectra of the forward beam collected from the three considered nanofiber radii when the immersing liquid is ethanol. We observe that there is no forward silica Raman scattering for the whole converter at 545 nm. This is explained by the appropriate choice of L1 and L2 lengths (respectively 30 cm and 40 cm) that are short enough and the silica Raman nanofiber threshold energy that is higher than the evanescent Raman threshold energy in ethanol.

No significant spectral broadening of the pump line is observed showing the absence of Kerr effect in silica and in ethanol [12].

In the sub-nanosecond regime, as the effective length of interaction and the pump length are of the same magnitude ( ~ 10 𝑐𝑚), backward nonlinear effects can be favored [13]. On OSA2, we observed backward Raman scattering, neither in silica nor in ethanol. We measured the backward energy at 532 nm versus the incident pump energy. The plots are almost linear for the three nanofibers, showing that there is not Brillouin scattering. The backward energy is due to parasitical reflections.

CONVERSION EFFICIENCY AND REPRODUCIBILITY STUDIES

Conversion efficiency study of the converter

Ensuring high modal Raman gains 𝑔 𝑅𝑚 is not sufficient to guarantee a high conversion efficiency of the evanescent Raman converter. The two key parameters that influence the conversion efficiency of the evanescent Raman converter are the Raman threshold energy ER, th and the nanofiber optical breakdown energy Ebreak [7]. We define the gap between the two parameters by "the Raman conversion operating range" Δ𝐸. The higher Δ𝐸 is, the more efficient the converter becomes [7].

We estimate in Table 1 the optical breakdown energies of the nanofiber samples NF1, NF2 and NF3 for both fibers. We present the results for two different external mediums (air and ethanol). Almost the same values are found with for both fibers. In air, the optical breakdown energy increases with the radius. In ethanol, the optical breakdown energy becomes higher for the three radii. We focus on the three SMF28 nanofibers. We compare the experimental and the theoretical Raman threshold energies. The theoretical Raman threshold energies are deduced from the expression of . The experimental and the theoretical Raman thresholds for NF1 and NF2 are in a good agreement and confirm the value of the critical parameter   23 obtained in [6,7]. We were not able to reach the Raman threshold with NF3. A longer nanofiber would be needed. Theoretical and experimental Raman conversion operating ranges Δ𝐸 are represented in Table 2.

Based on the estimated Raman conversion operating ranges Δ𝐸, the evanescent Raman converter created with NF2 is expected to be more efficient than the one fabricated with NF1. We present in Figure 8 the transmitted pump energy 𝐸 𝑝,𝑜𝑢𝑡 and the output Stokes energy 𝐸 𝑠,𝑜𝑢𝑡 as a function of the incident pump energy 𝐸 𝑖𝑛 for the three considered nanofibers (SMF28-NF1, SMF28-NF2, SMF28-NF3).

We define the external efficiency of the Raman conversion ex as the fraction between the maximum output Stokes energy and the incident pump energy after reaching the Raman threshold. As expected, the highest Stokes energy was obtained with SMF28-NF2 and ex = 60%. An energy of 0.29 J at 630 nm is obtained just before the SMF28-NF2 broke. The Raman threshold is reached at 𝐸 𝑖𝑛 = 0.41J. For SMF28-NF1, the maximum extracted Stokes energy is only 0.13 J and ex is 51%. With SMF28-NF3, a Stokes energy of only 0.15 J for an incident energy 𝐸 𝑖𝑛 = 0.58 J is achieved and the Raman threshold is not reached.

Reproducibility study of the converter

In order to study the reproducibility of the converter, we draw 20 samples of each nanofiber (SMF28-NF1, SMF28-NF2, SMF28-NF3). Figure 9 represents ER,th, Ebreak and Esmax for the 20 samples of SMF28-NF2. The results of SMF28-NF1 and SMF28-NF3 show the same trends. Table 2. Raman conversion operating ranges in 𝜇J for the tested nanofibers.

We also compute the average and the standard deviation of ESmax, ER,th, Ebreak for the 20 samples of SMF28-NF2 just before the breakdown in Table 3.

CONCLUSION

CONCLUSION

We have proposed evanescent Raman converters in the sub-nanosecond regime based on a silica nanofiber immersed in ethanol. Two different standard silica fibers were tested and compared (SMF28 and 460HP). We obtained a maximum output Stokes energy of 0.29 J with an external conversion efficiency from the pump to the first Stokes order of ethanol of 60%. One key parameter to optimize the extracted Stokes energy is the Raman conversion operating range, which is the gap between the Raman threshold energy and the optical breakdown energy. Indeed, the optical breakdown energy is estimated for different nanofiber diameters and for different external mediums. The Raman conversion operating range is a guideline for the conception of other evanescent Raman converters based on other liquids and/or fibers. The performances of the evanescent Raman converters are highly reproducible and other perspectives can be studied like the deposition of nonlinear polymers on the nanofiber surface opening the way to a new family of robust all-fibered components that can be directly inserted in optical networks without additional losses.
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 4 Figure 4. Tapers immersed in ethanol at 532 nm for the SMF28 (empty round) and 460HP (empty square). Same at 630 nm for the SMF28 (cross) and 460HP (star).
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 5 Figure 5. Experimental setup scheme for the nonlinear characterization of evanescent Raman converter.
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 7 Figure 7. Backward energy versus the incident pump energy for the three studied nanofibers.
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 6 Figure 6. Collected forward spectra from OSA1 for nanofibers immersed in ethanol just before they break.
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 8 Figure 8. Ep, out and ES, out versus the laser incident energy 𝐸 𝑖𝑛 for SMF28-NF1, SMF28-NF2 and SMF28-NF3.

Figure 9 .

 9 Figure 9. Experimental Raman threshold energies, incident nanofiber breakdown energies and maximal Stokes energies for the 20 samples of SMF28-NF2.

Table 1 .

 1 Optical breakdown energy in 𝜇J for different nanofibers diameters in different external mediums.
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