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Experimental investigation of short pulse Raman amplification with backward pumping

We report an experimental study about the backwardpumped Raman amplification of short pulses into a 20.3 km long optical fiber. We demonstrate that the gain and the pump saturation depend on the pulse duration. We also reveal that for short enough pulses the amplification process remains linear and very high peak powers, even larger than the Raman pump, are achievable. Numerical simulations reproduces the experimental results with an excellent agreement.

With the development of high-bit-rate fiber optic networks in long spans, it was necessary to develop optical amplifiers to compensate the losses suffered by optical data during their transmission through optical fibers. Two types of amplifiers entered into competition: lumped amplifiers such as Erbium doped fiber amplifiers (EDFA) and distributed ones such as Raman amplifiers. After the demonstration of Raman amplification in silica fibers [1,2], the development of amplifiers based on this process were first investigated in the 80s, offering promising results with the capability of long haul transmissions [3]. Despite the poor pump power efficiency of Raman amplifiers compared to EDFA which was then preferred, the arrival of high-power pump lasers in the 90s made Raman amplifiers attractive again. They have been used in many systems, including undersea communication channels [4], amplification of picosecond pulses [5], extreme events generation [6], or even loss compensation for fundamental investigation [7][8][9]. Indeed, Raman amplifiers offer the advantage of a wide bandwidth gain [10], which can even be broaden by cascading additional shifted pumps [11]. Moreover, its distributed feature allows to actively compensate the intrinsic losses during the propagation, providing a better signal to noise ratio than lumped amplifiers [12]. To minimize the relative intensity noise transfer from the pump, they are preferably used in the backward pumped configuration [13]. In the continuous wave regime, the dynamics of both forward and backward configurations can be described analytically [14]. However in the pulsed regime, analytical solutions are found in the forward pumped configuration only. The backward interaction was solved in the case of negligible losses only [15,16]. Remarkably in [16] gigan-tic amplification of short pulses and pump saturation effects are noticed. To the best of our knowledge, no experimental study has been performed yet highlighting short pulse amplification and amplifier saturation induced distortion. In this letter, we report this experimental investigation of the saturated regime of short pulse amplification in a backward-pumped Raman amplifier.

The amplification of a pulsed Stokes wave induced by a counter-propagating Raman pump is governed by the two following coupled propagation equations [12]:

∂A S ∂z + 1 v g,S ∂A S ∂t = g R 2 |A P | 2 A S - α S 2 A S (1) 
- ∂A P ∂z + 1 v g,P ∂A P ∂t = - λ S λ P g R 2 |A S | 2 A P - α P 2 A P (2) 
The indices S and P account respectively for the 1550 nm Stokes signal wave (which is amplified) and for the backward 1450 nm Raman pump wave (which is depleted). A S,P (z, t) represent the slowly-varying envelopes of the waves, v g the group velocity, g R the Raman gain coefficient and α the intrinsic loss coefficient.

Here, the dispersive effects can be neglected as the dispersion length L D,S/P [17] of the signal and pump waves is much larger than the fiber length. Thus, only the group velocity mismatch has to be taken into account. The amplification scheme implemented being counter-propagative, the boundary conditions of both pump and signal are known at different spatial positions. The signal is known at fiber input-end, A S (z = 0, t), while the Raman pump is known at fiber output-end, A P (z = L, t). In this case, for the numerical simulation of Eqs. (1,2), it is convenient to solve by time iterations. An operator splitting is performed, using a Runge-Kutta method of the 4 th order to solve the nonlinear step. Moreover, if we assume v g,S = v g,P = v g , we can easily solve the linear step by following the characteristics, i.e. considering a temporal step related to the spatial step as ∆t = ∆z v g [18]. This scheme allows to avoid the numerical artifacts caused by sharp fronts encountered in the traditional Fourier split-step method.

A sketch of the typical interaction scenario is presented in Fig. 1 (a). The signal wave (blue curve, travelling at speed v g,S , is amplified by the pump wave (red curve), travelling in the opposite direction at the velocity v g,P and which is depleted. An example of the space-time power profiles of both Stokes signal pulse and Raman pump obtained from numerical simulations using realistic parameters is shown in Fig. 1 (b,c). A 700 mW CW Raman pump is launched at the output-end of a 20 km long optical fiber. To benefit from the maximum gain, the pump is located 13.2 THz away from the spectrum of the signal, a 4 µs square pulse of 25 mW. On this example, in Fig. 1 (b) we distinguish the drift of the signal pulse due to the group velocity and its amplification by around 13 dB between the input and output of the fiber. The Raman pump profile is depicted in Fig. 1 (c). We notice the depletion feature and the attenuation from z = L to z = 0. It is worth noting that at the fiber output, the signal power is of the same order of magnitude as the initial Raman pump power. Backward Raman amplification of Stokes pulses is experimentally investigated using the setup presented in Fig. 2. A 1550 nm laser generates a CW signal which is first phase modulated to avoid the simulated Brillouin scattering (SBS) [19]. Then, an arbitrary waveform generator (AWG) generates a 4.9 kHz clock which controls RF pulses sequence of a pulse signal generator (PSG). This RF sequence drives an intensity modulator (IM), shaping the CW signal into a T S duration square-shaped pulses train. It is then amplified by an erbium doped fiber amplifier (EDFA) to reach a peak power of P S (z = 0) = 25 mW. The noise level between two consecutive pulses being relatively high (20 -25 dB extinction ratio from IM and decrease of SNR due to EDFA), the pulses train is time filtered by an AO modulator driven by the same PSG. A typical input pulse is shown in the inset in Fig. 2. It is then injected into a 20.3 km long non-zero dispersion-shifted fiber (NZDSF) whose specifications are g R = 0.49 W/km, α S = α(@1550 nm) = 0.2 Fig. 2. Sketch of the experimental setup. On the inset is displayed a typical 200 ns input pulse with 25 mW peak power. dB/km, α P = α(@1450 nm) = 0.28 dB/km and n = 1.47. The zero-dispersion wavelength is located around 1578.4 nm. The dispersion regime is normal at 1550 nm, preventing to trigger modulation instability which could distort the pulses during their propagation. A counter-propagating Raman pump is implemented to amplify the pulses during their propagation inside the fiber. The Raman pump wave (1450 nm) is located 13.2 THz away from 1550 nm signal to benefit from maximum gain. At the fiber output-end, the amplified pulses are captured by a photodiode and displayed on the oscilloscope.

We measured the on-off energy gain at the fiber output i.e. the amplification factor between output pulses when the Raman pump is on and off. The energy is calculated from the recorded pulses temporal traces. First we study the saturation regime of the backward pumped Raman amplifier as a function of the pulses duration. The recordings of amplified Stokes signal pulses are realized for several durations ranging from 10 ns to 4 µs. The upper value is limited by the SBS while the lower one by the bandpass of our electronic devices. This range is sufficiently wide to observe the saturation phenomenon. The experiments are realized for three distinct pump power values, P R = P P (z = L) = 703 mW, P R = 801 mW and P R = 898 mW, allowing to investigate the dynamic of the process. On the upper panel of Fig. 3 we display the experimental energy gain as a function of the signal pulse duration. In each case the tendency is similar. The gain is almost constant for short pulse durations (< 100 ns) around 50, 86 and 145 for all respective pump power values. As expected from the basic theory in the unsaturated regime, the Raman gain increases with the pump power. Moreover, the measured gain values are in good agreement with the basic theory for CW operation, which gives G = exp(g R P R L e f f )

with L e f f = 1-exp(-α P L) α P (49.4, 85.0 and 145.7 respectively) [12]. These features can be explained as follows. When the Stokes signal wave crosses the pump wave, the 1450 nm pump photons converted into 1550 nm Stokes photons belong to different pump time slots. For short pulses, this number is negligible compared to the number of pump photons as the time overlap between the pump time slot and the signal pulse is small. As an example in Fig. 3. (b), (e) and (h) we display the power time profiles of the fiber output Stokes pulses with T S = 70 ns (solid green lines). We notice that regardless of the pump power, the pulses remain in a square shape after amplification, confirming the unsaturated regime. Indeed, the number of depleted pump photons being negligible, the trailing end of the pulse is amplified by the same unsaturated Raman pump than the leading end. The Raman pump never saturates for short pulses, leading to a striking feature: pulses with high output peak powers. For P R = 898 mW, the pulses are even amplified beyond the pump value, reaching power values around 1.4 W. It is more than 1.5 times higher than the pump which would be impossible in the CW regime. For longer pulses, the gain drops due to the saturation process. The crossing time between the pump time slots and the signal pulse is not small anymore, as the pulse durations become larger. The number of converted photons from the pump is thus larger, depleting the pump and leading to a gain drop. As an example in figs. 3. (c), (f) and (i) we display the power time profiles of the fiber output Stokes pulses for T S = 3 µs (solid green lines). Distortion due to pump saturation is observed, the pulses trailing ends are less powerful than the leading ends. Indeed, the pulse leading front see an unsaturated Raman pump (output pulses leading front powers are logically equal to T S = 70 ns output pulses powers) while the trailing edge is amplified by a saturated one. Consequently, the gain is lower at the trailing end (the power decreases by 28% between leading and trailing edges for P R = 898 mW). We also notice that the gain drop appears for shorter pulses when we increase the Raman pump power. Indeed, the 5% gain drop from the plateau value is reached at 3850 ns, 2230 ns and 1320 ns for the respective pump powers. Moreover, the power differential between pulse leading and trailing ends on output pulses power time profiles (saturation distortion) is more significant at higher pump power. The saturation effects are more significant at shorter pulse widths when the Raman pump power is increased. These experimental results are compared with numerical simulations of Eqs. (1 ,2). Numerical data are plotted in solid lines for the gain curves and in black dashed lines for the pulse time profiles. The overall agreement between experiments and numerics is very good on several points. The on-off gain values are very close for each case of Raman pump power and the experimental gain curve trends follow numerical ones. It is worth noting the excellent agreement with the amplified pulses shapes. For comparison, the forward Raman pump amplification configuration is also investigated. Likewise, the energy gain is displayed for Stokes pulse widths ranging from 10 ns to 3 µs in ns because the signal and pump waves co-propagate. Indeed, both waves propagate approximately with the same velocity (the walk-off is not significant over the pulse duration), so the Stokes pulse is amplified by almost the same pump time slot during all the fiber propagation. The gain is then equal to the saturated gain of the amplifier in the CW approximation. No pulse width dependency of the gain is thus observed. However, because of the walk-off, in the short pulse regime, a gain increase is noticed. The output forward-amplified pulses time profiles are also displayed in Fig. 4. (b) and (c) for T S = 70 ns and T S = 3 µs respectively. Excepted the noisy fluctuations due to the relative intensity noise (RIN) transfer, the amplified pulses seem to maintain their square shapes. However, both pulses have a few nanoseconds amplification peak at the leading edge , due to the walk-off (the pulse front end shifts away to undepleted time slots of the pump during the propagation). For comparison, on the same figure is also displayed the gain curve for the backward Raman pump configuration (blue crosses). The gain is much weaker with a forward pump by around 82% at T S = 100 ns. Numerical data are also plotted in a comparison purpose with the experimental results. The velocity mismatch, calculated from the dispersion curve, is ∆v g = v g,Sv g,P = 39 km/s.

In conclusion, we have reported the experimental investigation of the saturated regime of a backward-pumped Raman amplifier with pulsed signals. We demonstrated that the gain experienced by pulsed signals depends on the signal duration. For short pulse durations, we observed that the amplifier behaves in the perfectly linear regime. This enable to amplify short signal pulses without amplifier saturation induced distortion and to reach peak powers of the amplified signal possibly larger than the Raman initial power. The experimental results are in excellent agreement with the numerical simulations. In addition to the fundamental aspect, this research brings a better comprehension of Raman amplification of short pulses which may be relevant for some applications. For example, Raman amplification has been used to obtain totally transparent fibers [7,8] which are required for the investigation of some nonlinear effects in optical fibers. It can also be useful in the context of signal amplification in fiber-based sensors and more generally in telecommunication systems.
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 1 Fig. 1. (a) Space-time scheme of a signal pulse amplified by a backward-pumped Raman amplifier. Numerical spatiotemporal power distributions of both (b) Stokes pulse wave and (c) Raman pump wave. Input parameters: P S (z = 0) = 25 mW, T S = 4 µs, P P (z = L) = 700 mW. Fiber parameters: α S = 0.2 dB/km, α P = 0.28 dB/km; g R = 0.49 W/km.
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 3 Fig. 3. On-off gain as function of the pulse width for a Raman pump power (a) P R = 703 mW, (d) P R = 801 mW and (g) P R = 898 mW. Experimental data are represented by crosses while numerical data by solid lines. For each Raman pump power, the power time profiles of the amplified Stokes pulses are presented for pulse durations (b),(e),(h) 70 ns and (c),(f),(i) 3 µs. Experimental pulse shapes are plotted in solid green line and numerical ones in black dashed line.
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 44 Fig. 4. (a) Energy gain as a function of the pulse duration for a backward (blue) and a frontward (purple) pumping Raman amplification schemes. Experimental data are represented by crosses while numerical data by solid lines. Time profiles of the output co-amplified pulses for (b) T S = 70 ns and (c) T S = 3 µs (experiments in green solid lines and numerics in black dashed lines).