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Abstract : 
 

The impact of forward and backward amplification schemes on the generation of 

optical similaritons has been numerically and experimentally investigated around 1550 nm 

using a fiber based Raman amplifier. The pumping configuration does not affect the 

similariton nature of the output pulse, but it significantly influences the characteristics of the 

pulse. Shorter and higher peak-power similaritons are obtained using a backward pumping 

scheme. The study of the influence of the initial pulse energy also highlights the higher 

pumping efficiency obtained in the case of counterpropagating amplification. 
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1. Introduction 
The application of self-similarity techniques to the study of nonlinear pulse 

propagation has been the subject of much recent interest in the context of parabolic pulse 

generation in optical fiber amplifiers with normal group-velocity dispersion (GVD). [1-14] 

Such pulses, also called optical similaritons, represent a new class of solutions to the non-

linear Schrödinger equation (NLSE) with gain. They are asymptotically generated in the 

amplifier, independently of the shape or noise of the input pulse [1,2], and propagate self-

similarly subject to exponential scaling of their pulse amplitude, temporal duration and 

spectral width [3]. In this case, the interplay of normal dispersion, nonlinearity and gain 

produces a linearly chirped pulse with a parabolic intensity profile [1]. 

Similaritons are of wide-ranging practical significance since their intrinsic resistance 

to the deleterious effects of the wave-breaking [4] allows the scaling of amplifiers to higher-

power regimes [5,6]. Moreover, their linear chirp facilitates efficient temporal compression 

[5-7]. Combination of a similariton amplifier with an optical feedback has resulted in a new 



regime of laser mode-locking that is likely to have major implications for the development of 

high power ultrashort pulse laser oscillators [8]. Recent experimental studies have also taken 

advantage of the similariton characteristics to propose new methods for optical pulse 

synthesis [9], or for 10 GHz telecom multiwavelength sources [10]. 

Those works have mainly relied on rare-earth doped fiber amplifiers with dopants 

such as Erbium [7,10] or Ytterbium [1,5,6,8]. However, it has been shown that a resonant 

amplification is not a necessary requirement for parabolic pulse generation and that Raman 

scattering could be efficiently used as amplification process [11]. This opens up the 

possibility to provide gain where no conventional amplifiers are possible. 

Experimental generation of parabolic pulses have been realized with various 

amplification schemes : forward pumping [1,7,8,11], backward pumping [5,6] or bidirectional 

pumping [10]. Those different amplification schemes lead to different longitudinal gain 

profiles : decreasing, increasing, or nearly constant gain profiles, respectively. However, most 

of the numerical studies have been restricted to the case where the pulse evolution is 

accurately modelled by the addition of a simple constant gain term to the standard NLSE. The 

first theoretical work investigating the effects of an arbitrary longitudinal gain profile is the 

study made by Kruglov et al. [12]. In this case, the use of self-similarity techniques has 

revealed that the asymptotic shape of the output pulse remains a parabolic intensity profile 

with a positive linear chirp. The longitudinal gain profile determines only the scaling of the 

pulse as it propagates through the amplifier. To date, there has been no experimental 

confirmation of those predictions. They nonetheless remain of crucial interest for the design 

and optimization of high-power similariton amplifiers. 

We present in this paper what is, at our knowledge, the first experimental study of the 

influence of the amplification scheme on the output pulse characteristics. Our amplifier at 

1550 nm is a Raman amplifier relying on a normally dispersive Non-Zero Dispersion-Shifted 

Fiber (NZ-DSF) in association with a commercial watt-level CW pump source [14]. We first 

detail the numerical model which was used in the design of our amplifier. We then compare 

the results of the computations with an approximate model. The use of a frequency-resolved 

optical gating technique (FROG) [15] allows us to carry out a detailed study of the 

dependence of the output pulse characteristics on the configuration scheme and pulse energy. 

Finally, the experimental results are quantitatively compared with the results of the numerical 

model. 

 



2. Numerical simulations 
Let us first present numerical simulations that demonstrate the influence of the 

amplification configuration under typical experimental conditions. Our simulations are based 

on the generalized extended NLSE [16] that rigorously includes the Raman amplification 

process through an appropriate integral term, as well as effects such as higher-order 

dispersion terms and self-steepening :  
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The function R(t) = (1 – fr) δ(t) + fr hr(t)  includes the instantaneous electronic 

response and the delayed Raman contribution hr(t), with the fractional Raman contribution fr 

= 0.18. For hr(t), we used the measured Raman response of fused silica [17].  

The amplifier considered in this work is based on a commercial NZ-DSF. The fiber 

length is L = 5.3 km and the dispersion parameters at 1550 nm yields a GVD parameter β2 = 

4.6 10-3 ps2.m-1, and a third order dispersion β3 = 1.0 10-6 ps3.m-1, so that the fiber is normally 

dispersive at the wavelength of the input pulses into the amplifier. The nonlinearity 

coefficient is γ = 2.0 10-3 W-1.m-1. The wavelength dependent loss coefficient α  is also 

included in Eq. (1). 

Here, ψ(z,t) = ψs(z,t) + ψp(z,t) exp(-iΩ t), where ψs and ψp are the slowly varying 

envelopes of signal and pump fields oscillating at ωs and ωp, respectively. Ω = ωp - ωs is the 

pump-signal frequency detuning chosen so that near optimal Raman gain for the signal is 

achieved at 1550 nm. The input pulses ψs(0,t) correspond to chirp-free Gaussian pulses with a 

full width at half maximum (FWHM) temporal width of 10 ps,  and an initial energy of 3 pJ. 

In the second part of this paper, we will also consider pulses with an initial energy of 1.5 pJ. 

The pump is assumed to be a noise free continuous wave at 1455 nm. Its power is adjusted in 

order to provide a total integrated gain of 20 dB for the signal. This corresponds, in the case 

of a counterpropagating configuration, to a power |ψp(L)|2 of 1.15 W and in the case of a co-

propagating scheme, to a power |ψp(0)|2  of  1.22 W.  

 
In order to improve the computation effectiveness, after checking the absence of any 

new spectral components generated by four wave mixing or higher-order Raman effect, we 

use, in the case of a copropagating amplification, the following set of two coupled extended 



NLSE's (2a) and (2b) [16] , with the subscripts s and p indicating the signal and pump 

wavelengths respectively. The walk-off parameter is defined as δ = β1p – β1s where β1 = dβ 

/dω  (where β the propagation constant). 
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In the case of a backward pumping, we also use Eq. (2a) to model the signal 

amplification. As regards to the pump evolution, we use an equation similar to Eq. (2b) and 

make some further approximations. As it will be highlighted in the next section, pump 

depletion effects play a minor role for the range of initial signal energies tested here in the 

backward configuration. We can then neglect pump depletion consequences on the temporal 

intensity profile of the pump. On the other hand, the influence of pump depletion on the 

longitudinal pump power evolution will be taken into account by the introduction of a term 

αd(z), which can be numerically determined by an iterative process based on an average 

power analysis [18]. It can also be shown that cross non-linear terms play a negligible role 

and that the nonlinearity induced by the pump itself can be removed in Eq. (2b) as it leads to a 

constant phase shift. Based on all those approximations, an initial continuous pump will 

remain continuous during its propagation in the amplifier, so that we can remove in Eq. (2b) 

the time-dependent terms. By transforming z into –z in order to model the backward 

propagation direction of the pump, Eq. (2b) reduces to : 
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To solve Eqs.(2), we use the standard split-step Fourier method [16] . For both 

pumping configurations tested, with the above described parameters, after a few kilometres of 

propagation, the output signal pulses exhibit the characteristics of a parabolic pulse. In other 

words, the signal can be fit by means of a parabolic intensity profile with a linear positive 

chirp, corresponding to an electric field of the form : 
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where TP is the FWHM temporal width, CP is the chirp parameter, ϕ0 is an arbitrary phase 

offset and AP is the pulse amplitude. 

 
In figure 1(a) we plot the evolution of the FWHM temporal width of the signal pulse 

(circles) according to the propagation distance z for counterpropagating and copropagating 

pumping configurations (curves A and B respectively). We can clearly see from Fig. 1 the 

influence of the pumping configuration : in configuration A, the output pulse temporal width 

is 43 ps, whereas in the other configuration, the amplification leads to a 52 ps pulse. As the 

output pulses are of the same energy, the peak powers also vary proportionally. 

 
We represent on Fig. 1(b) the longitudinal evolution of the gain g(z) = ( / z∂ ∂ ) ( ln ( 

|ψs(z)|2 / |ψs(0)|2  )).  Evolutions for counter- and co- propagating pumping scheme (curves A 

and B) are in good agreement with exponential fits gf(z) (an increasing and decreasing 

exponential : 
-5-3 8.29 10  ( )  0.69 10   z

fg z e=  and 
-4-3 -1.16 10  ( )  1.12 10   z

fg z e=  for curves A and 

B, respectively). For comparison, curve C is obtained in the case of a constant gain g =0.56 

10-3 m-1 configuration which leads to a 20 dB amplification. 

 
The results given by Eqs. (2) are further compared with the predictions based on a 

more simple model which relies on the NLSE associated with the longitudinally varying gain 

g(z) computed above :  
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 Results based on the numerical integration of Eq. (4) are plotted Fig. 1a by solid lines, 

dots and dashed lines for A, B, C configurations respectively. 

 Kruglov et al. [12] have shown that Eq.(4) admits, in the asymptotic limit, a 

similariton solution whose FWHM temporal width TP depends on the gain profile g(z) 

through the following differential equation :  
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subject to the additional boundary condition  : ) 2/
o

P Po Poz
dT dz C Tβ= −  where TPo, CPo and 

Uo correspond respectively to the values of the temporal duration, linear chirp and energy of 

the pulse at a distance zo such that the amplified pulse has already entered into the parabolic 

pulse amplification regime. The predictions given by (5) are represented Fig. 1.(a) by 

diamonds. 

 
 
 It is clearly seen from Fig. 1.(a) that for the amplifier parameters considered here, the 

three different models lead to similar evolutions. As Equations (4) and (5) are not specific to 

the Raman amplification process, this outlines that the effects described in this paper are not 

linked to the nature of the amplification process. In other words, the conclusions of our 

numerical and experimental works are not restricted to Raman amplifiers and can also be 

extended to amplification in rare-earth doped fibers, as long as the pulse spectral width is less 

than the amplifier bandwidth. 

For the study of the Raman amplifier described in this paper, we may note that the 

model based on Eqs (2) is the only one which takes into account the temporal depletion 

effects of the Raman pump [14] and which includes the frequency dependence of the Raman 

gain. Moreover, Eqs (2) do not require an a-priori knowledge of the gain evolution along the 

fiber. Let us also note that Eq. (5) is only valid when the pulse enters its asymptotic evolution 

at a distance zo and, in order to have access to the parameters TPo and CPo a numerical 

approach is still needed. 

 
In the remainder of this paper, we only consider numerical integrations of the two 

coupled NSLE's  (2). 

 
 



3. Experimental results 

3.1. Experimental set-up 
Figures 2(a) and 2(b) show schematic representations of the experimental setups used 

for co- and counter-propagating amplification schemes, respectively. The 1550 nm input 

pulses were obtained from a Pritel FFL passively mode-locked fibre laser. The repetition rate 

was 22 MHz and the initial pulses had a nearly Fourier transform-limited intensity profile 

with a temporal FWHM width of 10.2 ps. The energy of the pulses can be adjusted : in our 

experiments , we used pulses with energy in the range of 0.5 - 4.5 pJ. 

The Raman gain was provided by a CW Keopsys 2W Raman laser working at 1455 

nm. The pump power was experimentally adjusted to achieve an integrated gain of 20 dB. A 

WDM coupler with high power rating enabled pump and signal beams to be superposed in 5.3 

km of the NZ-DSF whose parameters have been reported in the previous section. In the 

backward configuration case, an optical isolator was inserted in order to protect the 

picosecond laser from the residual pump wave. 

Input and output pulses were characterized by a FROG device based on second 

harmonic generation [15]. The phase and intensity retrieval was performed using the 

generalized projection algorithm. The fidelity of the FROG measurements was checked using 

standard techniques based on comparisons of the independently-measured autocorrelation and 

spectrum with the FROG trace marginals. 

 

3.2. Output pulses 
Figures 3(a) and 3(b) show the intensity and chirp as retrieved from FROG 

measurements, for the two initial pulse energies of 1.5 and 3 pJ respectively. The input 

intensity profile is represented in Fig. 3(a) by diamonds. Output pulses generated in forward 

and backward pumping configuration are displayed by crosses and open circles, respectively.  

In Fig 3.(a), the initial pulse energy is 1.5 pJ. The output pulses exhibit parabolic 

intensity profiles with peak power of 4 W and 4.9 W, associated with FWHM temporal width 

of 40.5 ps and 34 ps for co- and counter-propagating configurations, respectively. In Fig. 

3.(b), which corresponds to 3 pJ initial pulse energy, the peak power becomes 6 W and 8 W 

(associated with duration of 50.1 and 41.6 ps)  for co- and counter-propagating 

configurations, respectively. 



For both pulse energies, the pulses exhibit similariton features, ie, a parabolic intensity 

profile with a linear positive chirp. The shortest pulses with the highest peak power are 

obtained in the backward configuration.  

 
In Fig (3), we compare the experimental data with numerical results (solid and dashed 

lines for counter- and co-propagating configurations) based on the numerical integration of 

Eqs. (2), with ψs(0,t) given by the FROG characterization of the initial pulse. Let us note that 

a very good agreement between numerical and experimental results is obtained. 

 

We may remark a small asymmetry in the intensity profile of the amplified pulses, 

which can be in part explained by the asymmetry of the initial pulse. But numerical 

simulations carried out with symmetric input pulses reveal that an asymmetry of the output 

pulses can also be observed in that case. That means that other phenomena occur such as third 

order dispersion, the spectral asymmetry of the Raman gain or the self-steepening. In the a 

forward configuration, pump depletion associated with walk-off effects is the main origin of 

this asymmetry, since the leading edge of the pulse experiences more gain than the trailing 

edge. 

 

3.3. Influence of the initial pulse energy 
Additional experiments were carried out to study the influence of the initial pulse 

energy on the amplified temporal width and on the pump required to achieve a 20 dB 

amplification. We considered initial pulses with energies in the range 0.5-4 pJ, and we have 

measured the FWHM temporal width of the autocorrelation function of the output pulses. 

Results are shown in Fig 4(a) with crosses for the copropagating amplification scheme and 

circles for the counterpropagating scheme. For each measurement, the pump power injected in 

the NZ-DSF was adapted in order to obtain a 20 dB integrated gain. The evolution of the 

input pump power versus the initial pulse energy is represented in Fig 4(b). 

The evolution of the temporal width versus the initial energy clearly emphasizes the 

intrinsic non-linear behaviour of the similariton generation : when the initial pulse energy 

increases from 0.5 pJ to 4.5 pJ, we observe an increase of 66 % and 100% of the duration of 

the output pulse for a counter- and co-propagating amplification scheme, respectively. This 

evolution is found to be in good agreement with the numerical model based on Eqs. (2). The 

case of a constant longitudinal gain is also shown by the dashed line : in this case, the 



evolution of the temporal width relative to the input pulse energy is intermediate between the 

two previous cases. 

We may note in Fig. 4(b) that forward and backward amplification schemes (crosses 

and circles) lead to different pump power evolutions with respect to the initial pulse energy. 

For a co-propagating pump, the pump power has to be increased with the input signal energy : 

the pump power required to achieve a 20 dB amplification of a 4 pJ initial pulse energy is 

1.37 W which is 8 % higher than the pump power required in the case of a 0.5 pJ initial pulse 

energy. In the counterpropagating configuration, for this range of pulse energies and for low 

repetition rates, we do not experimentally observe such a dependence of the initial pulse 

energy on the pump power needed to achieve a fixed amplification. 

 

In forward and backward configurations, the longitudinal evolution of the gain is 

affected by the attenuation of the pump due to linear losses within the fiber. Nevertheless, as 

the linear losses are independent of the initial pulse energy, pump losses cannot explain the 

dependence experimentally observed in the case of a forward pumping. The pump evolution 

is also affected by its depletion owing to energy transfer from the pump to the signal. Such 

pump depletion will act very differently depending on the amplification scheme. When pulses 

and pump copropagate, the temporal pump depletion effects are localized : this may have 

significant effects when the signal peak power exceeds that of the pump intensity[14]. As a 

consequence of this severe localized depletion, pump power has to be increased whenever the 

initial pulse energy grows larger. 

When pulse and pump counterpropagate, no such localized depletion exists : due to the 

high group velocity mismatch of pump and signal within the fiber (nearly twice the speed of 

light in the fiber), interactions between signal and pump are not temporally localized. In this 

case, one must only take into account the average power of the amplified pulses. For the 

parameters used in our experiments, the average output power was less than 10 mW, which is 

only 1 % of the pump power used. Depletion effects of the pump can then be neglected so that 

the evolution of the required pump power for a 20 dB amplification does not depend on the 

initial pulse energy. 

In the case of forward pumping, we would like to outline that the walk-off effects 

between the pump and the signal can reduce the influence of the localized pump depletion. As 

the signal and pump propagate with slightly different velocities, the continuous temporal shift 

of the pump wave with respect to the temporal position of the signal pulse leads to an artificial 

regeneration of the pump as seen by the pulse [14]. In the absence of walk-off effects, it 



would not have been possible to generate output pulses with a peak power four times higher 

than the pump intensity. However, the limited value of the walk-off parameter ( δ = 0.65 

ps.m-1 in the copropagating scheme) is not sufficient to completely suppress the temporal 

effects of pump depletion. 

 
Let us finally compare the experimental evolution of the pump power needed to 

achieve a 20 dB amplification versus the initial energy with the results predicted by the model 

developped in Eq. (2). We can see in Fig. 4.(b) that the global evolutions for experimental and 

theoretical cases are the same. But the experimental values of the pump power required to 

achieve a 20 dB amplification are higher than the predictions of the numerical simulation by 9 

%. This difference can be explained with the help of polarization considerations. Indeed, 

whereas the signal pulses are linearly polarized, the pump polarization is scrambled, so that 

the effective power acting in the amplification process is lower. Moreover, as the spectral 

width of the pulse is more than 0.5 THz and the propagation length is 5.3 km, polarization 

mode dispersion (PMD) effects in Raman fiber-based amplifier can affect the propagation.  

The pump power reduction factor of 9 % between experiment and numerical simulations 

is in qualitative agreement with the reduction of the nonlinear parameter by a factor of 8/9 

which is commonly used in the case of random birefringence [16]. However, some further 

experiments would be needed to conclude to the validity of the theoretical model which 

predicts a reduction of the non-linear parameter by a factor 8/9. A recently developed 

vectorial formalism which includes the PMD effects in Raman fiber-based amplifiers could be 

used to consider these aspects in more detail [19] but is beyond the scope of this paper.  

 
 
 

4. Conclusion. 
We compared in this paper co- and counter- propagative pumping schemes for a 

Raman amplifier and we have demonstrate numerically and experimentally the significant 

impact of the choice of the amplification scheme. The pumping configuration does not affect 

the global shape of the amplified pulse, but it significantly influences the characteristics of the 

similariton pulse. Shorter and higher peak-power similariton pulses are obtained when using a 

backward pumping scheme. Another advantage of the backward configuration is the absence 

of the localized temporal depletion effects, which leads to a higher pumping efficiency. 

Numerical simulations based on a set of coupled NSLE accurately model all those features. 



As the results of this paper are not restricted to the Raman amplification process and 

can be extended to rare-earth doped amplifiers, our conclusions can give practical guidelines 

to the realization of high-power short-pulse amplifiers when the highest signal to noise ratio is 

not the main constraint. 

In the context of ultrashort pulse generation, we can note that similaritons develop a 

higher spectral width in the forward configuration so that shorter pulses after recompression 

stage are expected to be generated in the copropragating amplification scheme. However, a 

better optical quality of the compressed pulses with lower substructures is achieved in 

backward configuration. 
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FIGURE CAPTIONS 

 

Fig 1. Numerical study of the influence of the amplification scheme  for different 

configurations : backward configuration (curve A, solid line), forward configuration (curve B, 

dotted line) and constant gain (curve C, dashed line). (a) Evolution of the FWHM temporal 

width of the pulse during the propagation in the 5.3 km Raman amplifier. Results based on the 

resolution of the set of coupled NLSE (2) for co and counter propagating configuration are 

displayed by circles. They are compared with results based on the use of the standard NLSE 

with longitudinally varying gain (4) (solid, dashed and dotted lines) and with analytical 

asymptotic predictions (diamonds). (b) Gain evolution along the fiber for different 

configurations. 

 

Fig 2. Schematic diagrams of experimental setups (a) Forward configuration (b) 

Backward configuration 

 

Fig 3. Intensity and chirp profiles. Results of output pulse FROG trace retrievals are 

displayed with open circles (backward pumping) and crosses (forward pumping). The 

experimental results are compared with numerical simulations (respectively solid and dashed 

lines for counter- and co-propagating configurations). For the clarity of the figure, chirp 

profiles have been downshifted (backward configuration) or upshifted (forward 

configuration). The input pulse is represented by diamonds with a magnification factor of 20.   

(a) Results with an initial pulse energy of 1.5 pJ (b) Results with an initial pulse energy of 3 

pJ 

 

Fig 4. Influence of the initial pulse energy on the output pulse temporal width and on 

the power required to achieve a 20 dB integrated gain. Experimental results are displayed by 

circles (backward configuration) and crosses(forward configuration) and are compared with 

simulations (respectively solid and dotted lines). Simulations results based on a constant gain 

approximation are represented by a dashed line. (a) Evolution of the FWHM temporal width 

of the autocorrelation function of the amplified pulse versus the initial input pulse energy. (b) 

Evolution of the pump power required to obtain a 20 dB integrated gain versus the initial 

input pulse energy. 
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