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Noise analysis in a seeded four-wave mixing process generated in a photonic crystal fiber pumped by a chirped pulse

Four-wave mixing (FWM) has been extensively investigated in optical fibers since it provides a high-gain value and a large gainbandwidth with an adjustable central wavelength [1][2][3][4]. For these reasons, FWM based parametric amplifier is currently a promising technology to deliver ultra-short pulses when a photonic crystal fiber (PCF) is injected by pump and signal pulses [5][6][7][8][9]. However, as any phase insensitive optical amplifier, FWM is also subject to amplified spontaneous emission, often called parametric fluorescence i.e., parametric amplification of the quantum noise due to a two-photon emission from two pump photons. In the case of FWM based amplification of ultra-short pulse, a chirped pump pulse is injected in a designed PCF together with a signal chirped pulse. At the output, the signal is compressed near the Fourier transform limit [1,[5][6][7][8][9]. The instantaneous frequencies of the broadband fluorescence are generated with temporal and spectral distributions according to the phase-matched FWM relation and the pump chirp [2,10] while the amplified signal has a distribution that mostly follows its initial chirp. At the amplifier output, the signal is selected but the spontaneous emission of the incoherent parametric fluorescence degrades the amplification quality and the shot-to-shot stability. Some works have already been achieved in bulk crystals to extract the contribution of fluorescence from the parametric amplification of ultra-short pulse [11,12]. FWM based parametric amplification has also been investigated for its noiseless amplification feature to potentially develop ultra-low noise amplifier in the continuous wave regime [13]. In the ideal case, the amplification can reach a 3-dB quantum-limited noise figure in a phase insensitive amplifier although few other noise sources, as the Raman effect [14] or pump transferred noise [15], add their nonnegligible contributions. In addition, it has been shown that the noise properties of modulation instability driven the supercontinuum generation, in the anomalous regime, depends strongly on the presence of a weak seed which provides a deterministic growth limiting the contribution of the broadband noise [16][17]. However, the output stability is directly linked to the fluctuation of the input signal. In our case, as we focused on FWM based amplification of a signal, the peak power is limited such as a continuum is not generated. In this work, we investigate the noise and signal stability after FWM based amplification by measuring the gain value and the signal to noise ratio by recording an ensemble of single shot FWM spectra thanks to the dispersive Fourier transform Method [18,19].

The experimental set-up, shown in Figure 1, was developed to highlight the chirped signal amplification through the fiber optical parametric amplifier and to investigate its stability. The pump pulse is generated from a mode-locked oscillator (Flint, Light Conversion) delivering a train of pulses at 76 MHz with a duration of 80 fs (at full width at half maximum-FWHM) and a spectrum centered at 1030 nm. A part of the oscillator output is injected in a volume Bragg grating (VBG) that stretches the pulses to a duration of ~50 ps and an acousto-optic modulator to decrease the repetition rate to 1 MHz. Then the pulses seed several ytterbium doped fiber amplifiers to increase the average power to a maximum of 1 W. The spectral bandwidth is measured at 6 nm (FWHM). The pump pulse is then injected in a 5-meter-long PCF with a zero-dispersion wavelength at 1028 nm [20]. It means the pump spectrum lies mostly in the anomalous dispersion regime. Two FWM lobes are observed with an optical spectrum analyzer (OSA) and they are located around 1000 and 1077 nm for a peak power of 300 W (Figure 2.a, red curve). Another part of the oscillator is used to generate a continuum in a 7 cm long all normal dispersion (ANDI) fiber extending from 960 to 1100 nm [21]. The spectral broadening mechanism is mainly due to self-phase modulation and optical wave-breaking ensuring a low noise level and high degree of coherence when the fiber is pumped in the fs regime [22,23]. Fig. 1. Experimental set-up. AOM, acousto-optic modulator; YDFA, Ytterbium Doped Fiber Amplifier; PCF, photonic crystal fiber; OSA, Optical Spectrum Analyzer; ANDI fiber, all normal dispersion fiber.

A second chirped VBG selects a spectrum part of the continuum (Figure 2 black curve) centered at 1077 nm with a bandwidth of 13 nm at full width at half maximum (FWHM). The pulse duration is ~150 ps corresponding to a chirp rate of 11.5 ps/nm. When this chirped signal pulse is injected in the PCF with an average power of 20 µW together with the chirped pump pulse, the signal is amplified (Figure 2, blue curve) with a gain of 35 dB. In this case, the relative delay between the signal and pump pulses has been tuned to get the maximum gain. At the PCF output, single shot spectra are recorded by a dispersive Fourier transform (DFT) set-up with a 4.6 km long fiber (SMF28), a fast photodiode and an oscilloscope with a maximum bandwidth of 8 GHz [18,19]. Once the PCF output is injected in the DFT measurement device, the pulse spectrum is temporally dispersed resulting in a time to frequency mapping. The temporal waveform recorded with the fast photodiode allows real time measurement of single-shot spectral fluctuations. As an example, Figure 3.a shows a superposition of 500 single shot spectra (blue curves) and the averaged curve (red curve) recorded with the DFT method. To accurately reconstruct the DFT timefrequency mapping, we used both second and third order dispersion coefficients of the SMF (2=17 ps 2 /km, 3=-0.0134 ps 3 /km) and a general good agreement has been obtained with the spectrum recorded by the OSA (Fig. 2). However, the signal bandwidth recorded with the DFT set-up is narrower (~7 nm) and depends on the injection of the PCF output in the SMF.

From the ensemble of single shot spectra, the signal to noise ratio (SNR) is measured from the ratio between the average value and its standard deviation (Figure 3.b). The SNR at the pump wavelength is higher than 20 and is spectrally modulated due to the saturation of the FWM process; i.e the pump depletion. The maximum SNR at the signal wavelength is ~22 after amplification in the FWM process while we measured it at ~23 when the pump was not launched in the PCF (i.e without any amplification). Thus, the amplification does not significantly degrade the shot-to-shot stability of the signal pulse even at high gain. From this SNR comparison, we can also conclude that the SNR is mostly linked to the signal stability rather that the fluorescence emission or the pump fluctuation. We also measured the gain and SNR as the function of the injected signal power to understand the origin of the SNR stable value (Figure 4). The two plots have been recorded successively and the measurement have been done several times to confirm the general behavior. The parametric amplifier strongly saturates since the gain decreases from ~43 dB to 35 dB when the signal power increases. This saturation is an important advantage since it provides stability of the amplified signal such that, the signal output power increases when the input decreases acting as a negative feedback [24,11]. This intensity fluctuation limitation allows to get a relatively high SNR value, similar to the input one. It is important to note that the pump power is not significantly depleted. Some back conversion from the signal to the pump may arise for stronger input power [1]. In order to deeply understand the role of the amplification in the signal stability, we performed numerical simulations by integrating the nonlinear Schrödinger equation with the split-step method including the fiber dispersion and nonlinearity as the Kerr effect and Raman response. As for the experimental parameter, the input pump pulse has a chirp of ~8.3 ps/nm with a spectral bandwidth of 6 nm (FWHM) centered at 1030 nm leading to a pulse duration of 50 ps (FWHM). In comparison with the experiment, we intentionally decrease the pulse duration to limit the computational time. The pulse is injected in a lossless photonic crystal fiber (PCF) which has a nonlinear coefficient of 11 W -1 .km -1 and a length of 5 m. The zero-dispersion wavelength (ZDW) is at 1028 nm. A quantum noise q is added to the total electric field at the PCF input. This pulse shot noise is described semi-classically by adding a noise seed of one photon per mode with random phase on each spectral discretization bin [25]. 1000 simulations have been performed with different input noise conditions. Figure 5.a shows the ensemble of spectra (black line) and the average (red line) for an input peak Then the signal has been injected in the PCF together with the pump pulse. The input signal spectrum has a bandwidth of 13 nm (FWHM) and the chirp is 11.5 ps/nm. These values are chosen to fit with the experimental parameters. The peak power Psig is 1 mW. When the signal is simultaneously injected with the chirped pump pulse, the signal is amplified and the spectrum becomes narrower with a bandwidth of 1.2 nm. This gain narrowing depends on the signal chirp relative to the fluorescence spectrogram. In fact, the PCF dispersion and pump properties define the time-frequency distribution of the parametric amplification. The chirp signal should agree with the time-frequency distribution for a maximum amplification [1]. The larger gain bandwidth obtained during the experiment is attributed to the inhomogeneity of the PCF dispersion profile since it can modify the time-frequency distribution of the amplification [26,27].

In the following, we also added a second noise source to consider the seed amplitude fluctuation . When the continuum is generated from an ANDI fiber, the amplitude fluctuation of the laser contributes mostly to the noise whereas q is insignificant [23].

Several works have shown that relative intensity noise of the continuum is at similar level of the laser source [23,[28][29]. Therefore, we only consider the seed amplitude fluctuation and neglect jitter shot to shot variation for our long-chirped pulse. In our work, we added the term 𝛿 √ 𝑃 𝑠𝑖𝑔 to the signal electric field with  being an adjustable random value with a Normal distribution and Psig the signal power. For various  value, the SNR has been calculated and Figure 6 shows an example of the SNR as the function of the wavelength for a peak power of the signal equals to 0.5 mW or 150 mW. The pump SNR significantly decreases at the spectrum center due to the saturation effect. This curve has a similar behavior than the spectrum (Figure 5) exhibiting a strong depletion with the signal amplification. The signal SNR has a high value and is narrow as expected from its spectrum. At high seed power, the SNR of the signal increases significantly confirming that the saturation of the amplifier leads to a better SNR value. The gain has also been calculated as the function of the peak power of the injected signal (black dashed line in Figure 7). As in the experiment, it decreases from 40 dB to 18 dB when the power increases confirming the strong saturation of the parametric amplifier. The SNR has also been analyzed from the ensemble of single shot spectrum for each case. When =0, it increases with the signal power since the number of determinist photons is higher while the fluorescence does not increase.

When the fluctuation coefficient =0.01 (red curve in the SNR is mostly affected by the fluorescence at low signal power. It increases and reaches a constant value at ~0.05 W. At high signal power, the SNR is slightly higher than the injected SNR (equals to 125) due to the strong saturation of the amplifier and the weak contribution of the fluorescence. When the fluorescence contribution is removed in the simulation (grey symbols in Figure 7.a), the SNR increases and is higher that the injected one even at low power. In order to see the influence of the fluctuation input on the SNR, we reproduce the simulation for various  values (Figure 7.b). Of course, the input SNR decreases when  increases (dashed horizontal lines). The evolution of the SNR is similar in all cases and it reaches a constant value higher than the input one. In conclusion, the shot-to-shot stability of seeded FWM has been investigated when chirped pump and signal pulses are injected in a photonic crystal fiber. By using the DFT method, we highlighted that the SNR value of the amplified signal can be similar to the injected one due to the saturation regime providing a negative feedback. This effect has been observed in numerical simulations and confirms that the SNR of the amplified signal can be similar to the input one. This information is very important since it proves that the fiber optical parametric amplifier does not provide any additional fluctuations when it is strongly saturated if the noise floor is not given by the parametric fluorescence.
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 2 Fig. 2. Spectrum recorded with an OSA. The fluorescence (red line) and seeded FWM (blue line) spectra have been obtained for a pump power of 300 W. The seed spectrum is displayed with black lines.

  PCF power 150 W. Two FWM lobes are clearly observed at around 990 and 1074 nm.
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 3 Fig. 3. a) FWM bands detected with the DFT set-up. The averaged spectrum (red line) of 500 single shots (blue lines) are displayed. b) SNR as the function of the wavelength.
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 4 Fig. 4. SNR and gain as the function of the peak power of the signal
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 5 Fig. 5. a) 1000 single shot simulated spectra (black lines) and their average (red line). The average spectrum of the seeded FWM is displayed in blue b) Normalized seed spectrum
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 7 Fig. 7. a) SNR and gain as the function of the peak power of the signal for =0.01 or 0 with or without the fluorescence. b) SNR and gain as the function of the peak power for various  value. The horizontal dashed lines represent the SNR value at the input.
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