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Abstract :

The impact of forward and backward amplificatiorhesmes on the generation of
optical similaritons has been numerically and expentally investigated around 1550 nm
using a fiber based Raman amplifier. The pumpingfigaration does not affect the
similariton nature of the output pulse, but it siglantly influences the characteristics of the
pulse. Shorter and higher peak-power similaritores gbtained using a backward pumping
scheme. The study of the influence of the initialsp energy also highlights the higher

pumping efficiency obtained in the case of countgppgating amplification.
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1. Introduction

The application of self-similarity techniques toethstudy of nonlinear pulse
propagation has been the subject of much receetestt in the context of parabolic pulse
generation in optical fiber amplifiers with normgdoup-velocity dispersion (GVD). [1-14]
Such pulses, also called optical similaritons, @spnt a new class of solutions to the non-
linear Schrodinger equation (NLSE) with gain. Thene asymptotically generated in the
amplifier, independently of the shape or noiseha input pulse [1,2], and propagate self-
similarly subject to exponential scaling of theilge amplitude, temporal duration and
spectral width [3]. In this case, the interplay radrmal dispersion, nonlinearity and gain

produces a linearly chirped pulse with a parabialiensity profile [1].

Similaritons are of wide-ranging practical signéfice since their intrinsic resistance
to the deleterious effects of the wave-breakingajws the scaling of amplifiers to higher-
power regimes [5,6]. Moreover, their linear chigzifitates efficient temporal compression

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



regime of laser mode-locking that is likely to hamajor implications for the development of
high power ultrashort pulse laser oscillators B¢cent experimental studies have also taken
advantage of the similariton characteristics toppse new methods for optical pulse

synthesis [9], or for 10 GHz telecom multiwaveldngources [10].

Those works have mainly relied on rare-earth dofileer amplifiers with dopants
such as Erbium [7,1@r Ytterbium [1,5,6,8]. However, it has been shothiat a resonant
amplification is not a necessary requirement faiapalic pulse generation and that Raman
scattering could be efficiently used as amplifiocatiprocess [11]. This opens up the

possibility to provide gain where no conventionalpdifiers are possible.

Experimental generation of parabolic pulses havenbeealized with various
amplification schemes : forward pumping [1,7,8,ddckward pumping [5,6] or bidirectional
pumping [10]. Those different amplification schemead to different longitudinal gain
profiles : decreasing, increasing, or nearly cartsgain profiles, respectively. However, most
of the numerical studies have been restricted & dhse where the pulse evolution is
accurately modelled by the addition of a simplestant gain term to the standard NLSE. The
first theoretical work investigating the effectsai arbitrary longitudinal gain profile is the
study made by Krugloet al. [12]. In this case, the use of self-similarity Hamues has
revealed that the asymptotic shape of the outplgeptemains a parabolic intensity profile
with a positive linear chirp. The longitudinal gginofile determines only the scaling of the
pulse as it propagates through the amplifier. Tte,déhere has been no experimental
confirmation of those predictions. They nonethelessain of crucial interest for the design

and optimization of high-power similariton amplifse

We present in this paper what is, at our knowlede first experimental study of the
influence of the amplification scheme on the outpulse characteristics. Our amplifier at
1550 nm is a Raman amplifier relying on a norméigpersive Non-Zero Dispersion-Shifted
Fiber (NZ-DSF) in association with a commercial tdavel CW pump source [14]. We first
detail the numerical model which was used in thagieof our amplifier. We then compare
the results of the computations with an approxinmatelel. The use of a frequency-resolved
optical gating technique (FRQQ15] allows us to carry out a detailed study of the
dependence of the output pulse characteristick@®mdnfiguration scheme and pulse energy.
Finally, the experimental results are quantitagiv@mpared with the results of the numerical
model.



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

amplification configuration under typical experini@nconditions. Our simulations are based
on the generalized extended NLSE [16] that rigdsouscludes the Raman amplification
process through an appropriate integral term, all ase effects such as higher-order

dispersion terms and self-steepening :
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The functionR(t) = (1 — f) At) + f; h(t) includes the instantaneous electronic
response and the delayed Raman contributitih with the fractional Raman contributidn
= 0.18. Foih(t), we used the measured Raman response of fuseal[4ifi].

The amplifier considered in this work is based oooenmercial NZ-DSF. The fiber
length isL = 5.3 km and the dispersion parameters at 155@ialts a GVD parametef, =
4.6 10° p£.m*, and a third order dispersigh = 1.0 10° ps.m™, so that the fiber is normally
dispersive at the wavelength of the input pulse® ithe amplifier. The nonlinearity
coefficient is y = 2.0 10*° Wm™. The wavelength dependent loss coefficientis also
included in Eq. (1).

Here, ((z,t) = ¢x(z,t) + (z,t) exp(-i2 t), where ¢ and ¢, are the slowly varying
envelopes of signal and pump fields oscillatinguatind &, respectively.2 =« - ax is the
pump-signal frequency detuning chosen so that opimal Raman gain for the signal is
achieved at 1550 nm. The input pulg&€,t) correspond to chirp-free Gaussian pulses with a
full width at half maximum (FWHM) temporal width a0 ps, and an initial energy of 3 pJ.
In the second part of this paper, we will also cd&spulses with an initial energy of 1.5 pJ.
The pump is assumed to be a noise free continuaus at 1455 nm. Its power is adjusted in
order to provide a total integrated gain of 20 dBthe signal. This corresponds, in the case
of a counterpropagating configuration, to a povxtg(Ll)l2 of 1.15 W and in the case of a co-

propagating scheme, to a powgg(p)[* of 1.22 W.

In order to improve the computation effectivenedter checking the absence of any
new spectral components generated by four wavengigr higher-order Raman effect, we

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



NLSE's (2a) and (2b) [16] , with the subscrigt@and p indicating the signal and pump
wavelengths respectively. The walk-off parametesteéned aso = Bip — fis Wwhere, = dS8

/dw (wherefthe propagation constant).
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In the case of a backward pumping, we also use (Ea) to model the signal
amplification. As regards to the pump evolution, uge an equation similar to Eq. (2b) and
make some further approximations. As it will be Hlighted in the next section, pump
depletion effects play a minor role for the randendtial signal energies tested here in the
backward configuration. We can then neglect pumgedi®n consequences on the temporal
intensity profile of the pump. On the other harig influence of pump depletion on the
longitudinal pump power evolution will be takenanaccount by the introduction of a term
a4(z), which can be numerically determined by an iteraiivecess based on an average
power analysis [18]. It can also be shown that <men-linear terms play a negligible role
and that the nonlinearity induced by the pumpfitsah be removed in Eq. (2b) as it leads to a
constant phase shift. Based on all those approianst an initial continuous pump will
remain continuous during its propagation in the l#ep so that we can remove in Eq. (2b)
the time-dependent terms. By transformimgnto —z in order to model the backward

propagation direction of the pump, Eq. (2b) reduoes
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To solve Egs.(2), we use the standard split-stepri€io method [16] . For both
pumping configurations tested, with the above deedrparameters, after a few kilometres of
propagation, the output signal pulses exhibit tharacteristics of a parabolic pulse. In other
words, the signal can be fit by means of a parabatensity profile with a linear positive

chirp, corresponding to an electric field of thenfio:

z//s(t)=A{1—(f2t/Tp)2T2 ex;{i(m-c—;tzﬂ, = T,/V2 (3)
w.m=0, | = T,/V2

whereTp is the FWHM temporal widthCp is the chirp parameteti is an arbitrary phase

offset andAp is the pulse amplitude.

In figure 1(a) we plot the evolution of the FWHMnrtporal width of the signal pulse
(circles) according to the propagation distamder counterpropagating and copropagating
pumping configurations (curves A and B respectivelye can clearly see from Fig. 1 the
influence of the pumping configuration : in configtion A, the output pulse temporal width
is 43 ps, whereas in the other configuration, timldication leads to a 52 ps pulse. As the

output pulses are of the same energy, the peakrp@is® vary proportionally.

We represent on Fig. 1(b) the longitudinal evolatal the gaing(z) = (0/0z) (In (
lus(2)B/ |¢(0)F )). Evolutions for counter- and co- propagatingnping scheme (curves A

and B) are in good agreement with exponential @{g) (an increasing and decreasing
exponential :g,(2) = 0.691C €% “Z andg,(2 = 1.12 16 &**® 7 for curves A and

B, respectively). For comparison, curve C is olgdiim the case of a constant ggir0.56

10° mi* configuration which leads to a 20 dB amplification

The results given by Egs. (2) are further compavétl the predictions based on a
more simple model which relies on the NLSE assediatith the longitudinally varying gain

g(z)computed above :

%:i @
0z 2

i 0> 2
i w% ?"2’3— viwl w.. (4)



Results based on the numerical integration of(Egare plotted Fig. 1a by solid lines,
dots and dashed lines for A, B, C configuratiorspeetively.

Kruglov et al. [12] have shown that Eqg.(4) admits, in the asyriptdimit, a
similariton solution whose FWHM temporal widff- depends on the gain profilg(z)
through the following differential equation :

ddzz-l;P =342 ’Bfl;zy U, exp{J: g@E" dz] , (5)
subject to the additional boundary conditiordT, / dz)zo ==, G, E,whereTp, Cpoand

U, correspond respectively to the values of the tealpmturation, linear chirp and energy of
the pulse at a distaneg such that the amplified pulse has already enteredthe parabolic
pulse amplification regime. The predictions given (») are represented Fig. 1.(a) by

diamonds.

It is clearly seen from Fig. 1.(a) that for thepdifier parameters considered here, the
three different models lead to similar evolutioAs. Equations (4) and (5) are not specific to
the Raman amplification process, this outlines thateffects described in this paper are not
linked to the nature of the amplification procebs.other words, the conclusions of our
numerical and experimental works are not restridtedRaman amplifiers and can also be
extended to amplification in rare-earth doped beass long as the pulse spectral width is less
than the amplifier bandwidth.

For the study of the Raman amplifier describedhis paper, we may note that the
model based on Eqgs (2) is the only one which takes account the temporal depletion
effects of the Raman pump [14] and which includesftequency dependence of the Raman
gain. Moreover, Egs (2) do not require an a-prhowwledge of the gain evolution along the
fiber. Let us also note that Eq. (5) is only valiien the pulse enters its asymptotic evolution
at a distance,, and, in order to have access to the paraméigrsaand Cp, a numerical

approach is still needed.

In the remainder of this paper, we only considemerical integrations of the two
coupled NSLE's (2).



3. Experimental results

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

for co- and counter-propagating amplification schemrespectively. The 1550 nm input
pulses were obtained from a Pritel FFL passivelylealocked fibre laser. The repetition rate
was 22 MHz and the initial pulses had a nearly EEouransform-limited intensity profile
with a temporal FWHM width of 10.2 ps. The enerdytlte pulses can be adjusted : in our
experiments , we used pulses with energy in thgaah 0.5 - 4.5 pJ.

The Raman gain was provided by a CW Keopsys 2W Rdaser working at 1455
nm. The pump power was experimentally adjustecctoexe an integrated gain of 20 dB. A
WDM coupler with high power rating enabled pump aighal beams to be superposed in 5.3
km of the NZ-DSF whose parameters have been repantéhe previous section. In the
backward configuration case, an optical isolators waserted in order to protect the
picosecond laser from the residual pump wave.

Input and output pulses were characterized by a GRfevice based on second
harmonic generation [15]. The phase and intensgyieaval was performed using the
generalized projection algorithm. The fidelity bEtFROG measurements was checked using
standard techniques based on comparisons of teeendiently-measured autocorrelation and

spectrum with the FROG trace marginals.

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

measurements, for the two initial pulse energiesl.&6f and 3 pJ respectively. The input
intensity profile is represented in Fig. 3(a) bgrdbonds. Output pulses generated in forward
and backward pumping configuration are displayedrogses and open circles, respectively.
In Fig 3.(a), the initial pulse energy is 1.5 pheToutput pulses exhibit parabolic
intensity profiles with peak power of 4 W and 4.9 &gsociated with FWHM temporal width
of 40.5 ps and 34 ps for co- and counter-propagatonfigurations, respectively. In Fig.
3.(b), which corresponds to 3 pJ initial pulse ggethe peak power becomes 6 W and 8 W
(associated with duration of 50.1 and 41.6 ps) &w- and counter-propagating

configurations, respectively.



For both pulse energies, the pulses exhibit sintolarfeatures, ie, a parabolic intensity
profile with a linear positive chirp. The shortgailses with the highest peak power are
obtained in the backward configuration.

In Fig (3), we compare the experimental data witmarical results (solid and dashed
lines for counter- and co-propagating configuradjobased on the numerical integration of
Egs. (2), withgk(0,t) given by the FROG characterization of the initialge. Let us note that

a very good agreement between numerical and expetathresults is obtained.

We may remark a small asymmetry in the intensitfiler of the amplified pulses,
which can be in part explained by the asymmetrytied initial pulse. But numerical
simulations carried out with symmetric input pulseseal that an asymmetry of the output
pulses can also be observed in that case. Thatsnleainother phenomena occur such as third
order dispersion, the spectral asymmetry of the &again or the self-steepening. In the a
forward configuration, pump depletion associatethwyalk-off effects is the main origin of
this asymmetry, since the leading edge of the pelgeeriences more gain than the trailing

edge.

3.3. Influence of the initial pulse energy
Additional experiments were carried out to studg thfluence of the initial pulse

energy on the amplified temporal width and on thenp required to achieve a 20 dB
amplification. We considered initial pulses witheegies in the range 0.5-4 pJ, and we have
measured the FWHM temporal width of the autocoti@afunction of the output pulses.
Results are shown in Fig 4(a) with crosses fordbropagating amplification scheme and
circles for the counterpropagating scheme. For ea&disurement, the pump power injected in
the NZ-DSF was adapted in order to obtain a 20 mtBgrated gain. The evolution of the
input pump power versus the initial pulse energgmesented in Fig 4(b).

The evolution of the temporal width versus theiahienergy clearly emphasizes the
intrinsic non-linear behaviour of the similaritomrgeration : when the initial pulse energy
increases from 0.5 pJ to 4.5 pJ, we observe araserof 66 % and 100% of the duration of
the output pulse for a counter- and co-propagatimglification scheme, respectively. This
evolution is found to be in good agreement with nbbenerical model based on Egs. (2). The

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



evolution of the temporal width relative to the uulse energy is intermediate between the
two previous cases.

We may note in Fig. 4(b) that forward and backwamtplification schemes (crosses
and circles) lead to different pump power evoluiavith respect to the initial pulse energy.
For a co-propagating pump, the pump power has todreased with the input signal energy :
the pump power required to achieve a 20 dB ampltifim of a 4 pJ initial pulse energy is
1.37 W which is 8 % higher than the pump power ireguin the case of a 0.5 pJ initial pulse
energy. In the counterpropagating configuratiom,tlfiis range of pulse energies and for low
repetition rates, we do not experimentally obsesueh a dependence of the initial pulse

energy on the pump power needed to achieve a érgdlification.

In forward and backward configurations, the londitial evolution of the gain is
affected by the attenuation of the pump due taalinesses within the fiber. Nevertheless, as
the linear losses are independent of the initiddg@energy, pump losses cannot explain the
dependence experimentally observed in the casdafrard pumping. The pump evolution
is also affected by its depletion owing to enengnsfer from the pump to the signal. Such
pump depletion will act very differently dependiog the amplification scheme. When pulses
and pump copropagate, the temporal pump deplefiecte are localized : this may have
significant effects when the signal peak power egrlsethat of the pump intensity[14]. As a
consequence of this severe localized depletion pppionver has to be increased whenever the
initial pulse energy grows larger.

When pulse and pump counterpropagate, no suchaedadepletion exists : due to the
high group velocity mismatch of pump and signalhimtthe fiber (nearly twice the speed of
light in the fiber), interactions between signatlggump are not temporally localized. In this
case, one must only take into account the averagespof the amplified pulses. For the
parameters used in our experiments, the averagetgubwer was less than 10 mW, which is
only 1 % of the pump power used. Depletion effetthe pump can then be neglected so that
the evolution of the required pump power for a B)ammplification does not depend on the
initial pulse energy.

In the case of forward pumping, we would like talie that the walk-off effects
between the pump and the signal can reduce theeimte of the localized pump depletion. As
the signal and pump propagate with slightly différeelocities, the continuous temporal shift
of the pump wave with respect to the temporal posivf the signal pulse leads to an artificial

regeneration of the pump as seen by the pulse [t4fhe absence of walk-off effects, it



would not have been possible to generate outpsepulith a peak power four times higher
than the pump intensity. However, the limited vabfethe walk-off parameter § = 0.65
ps.m' in the copropagating scheme) is not sufficient empletely suppress the temporal
effects of pump depletion.

Let us finally compare the experimental evolutiohtloe pump power needed to
achieve a 20 dB amplification versus the initiaéegy with the results predicted by the model
developped in Eq. (2). We can see in Fig. 4.(bi tthe global evolutions for experimental and
theoretical cases are the same. But the experiinealtzes of the pump power required to
achieve a 20 dB amplification are higher than tregljgtions of the numerical simulation by 9
%. This difference can be explained with the helppolarization considerations. Indeed,
whereas the signal pulses are linearly polariZeel,pump polarization is scrambled, so that
the effective power acting in the amplification pess is lower. Moreover, as the spectral
width of the pulse is more than 0.5 THz and theppgation length is 5.3 km, polarization
mode dispersion (PMD) effects in Raman fiber-bamaglifier can affect the propagation.

The pump power reduction factor of 9 % between grpnt and numerical simulations
is in qualitative agreement with the reduction loé inonlinear parameter by a factor of 8/9
which is commonly used in the case of random birgénce [16]. However, some further
experiments would be needed to conclude to thelitalpf the theoretical model which
predicts a reduction of the non-linear parameterabyactor 8/9. A recently developed
vectorial formalism which includes the PMD effest®Raman fiber-based amplifiers could be

used to consider these aspects in more detaibjui9s beyond the scope of this paper.

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

Raman amplifier and we have demonstrate numeriaally experimentally the significant
impact of the choice of the amplification schemke pumping configuration does not affect
the global shape of the amplified pulse, but inBigantly influences the characteristics of the
similariton pulse. Shorter and higher peak-powsnilariton pulses are obtained when using a
backward pumping scheme. Another advantage of dlokviard configuration is the absence
of the localized temporal depletion effects, whielads to a higher pumping efficiency.

Numerical simulations based on a set of coupled ®N&tcurately model all those features.



As the results of this paper are not restrictethtoRaman amplification process and
can be extended to rare-earth doped amplifiersconclusions can give practical guidelines
to the realization of high-power short-pulse anm@ig when the highest signal to noise ratio is
not the main constraint.

In the context of ultrashort pulse generation, \&a note that similaritons develop a
higher spectral width in the forward configuratiso that shorter pulses after recompression
stage are expected to be generated in the copaiprggamplification scheme. However, a
better optical quality of the compressed pulseshwiwer substructures is achieved in

backward configuration.
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FIGURE CAPTIONS

Fig 1. Numerical study of the influence of the aifigdtion scheme for different
configurations : backward configuration (curve Alid line), forward configuration (curve B,
dotted line) and constant gain (curve C, dasheg).li@) Evolution of the FWHM temporal
width of the pulse during the propagation in th& lim Raman amplifier. Results based on the
resolution of the set of coupled NLSE (2) for calamounter propagating configuration are
displayed by circles. They are compared with resbi#tsed on the use of the standard NLSE
with longitudinally varying gain (4) (solid, dashexhd dotted lines) and with analytical
asymptotic predictions (diamonds). (b) Gain evaolntialong the fiber for different

configurations.

Fig 2. Schematic diagrams of experimental setupsF@ward configuration (b)

Backward configuration

Fig 3. Intensity and chirp profiles. Results of mutt pulse FROG trace retrievals are
displayed with open circles (backward pumping) amdsses (forward pumping). The
experimental results are compared with numericalkations (respectively solid and dashed
lines for counter- and co-propagating configuratjoror the clarity of the figure, chirp
profiles have been downshifted (backward configargt or upshifted (forward
configuration). The input pulse is represented iayndnds with a magnification factor of 20.

(a) Results with an initial pulse energy of 1.5(p)J Results with an initial pulse energy of 3

pJ

Fig 4. Influence of the initial pulse energy on théput pulse temporal width and on
the power required to achieve a 20 dB integrated. g&perimental results are displayed by
circles (backward configuration) and crosses(fodveonfiguration) and are compared with
simulations (respectively solid and dotted lin&ijnulations results based on a constant gain
approximation are represented by a dashed lindev@ution of the FWHM temporal width
of the autocorrelation function of the amplifiedgriversus the initial input pulse energy. (b)
Evolution of the pump power required to obtain ad integrated gain versus the initial

input pulse energy.



Distance (km)

Figure 1



Raman Laser
CW PUMP
at 1455 nm

Picosecond Laser
INPUT SIGNAL PULSES
at 1550 nm

Picosecond Laser
INPUT SIGNAL PULSES
at 1550 nm

Optical isolator

RESIDUAL
PUMP

(@)

WDM
coupler

(b)

WDM
coupler

RESIDUAL

WDM PUMP

coupler

5.3 km

1550 nm

Raman Laser

CW PUMP
WDM at 1455 nm

coupler

5.3 km

1550 nm

Figure 2



Frequency

Chirp (GHz)
o O O o
o O O O
© N q 9o
LI L] £
(= :
= g ©
. g, A<
-..m_.+ g =
& o
= o 154
o
=
- . o
£
» ©
(o))
()]
L < o
® o
. D 2
(8] v
[} g
. © i o
|
S
Frequency
Chirp (GHz)
o O O o
O O © O
o Bl .
rrrrri
£
@©
- o
. (@)}
Y £ b
5 8 “
- o
% 3]
£
- o
=
©
()]
()]
c
B
@©
o o
S y
- (0] d
©

n < ™ N x= o

(M) 1amod

Time (ps)

Figure 3



FWHM Temporal width (ps)

Pump Power (W)

0]
o

(@)
()

1N
o

N
()

1.3

1.2

| 1 | 1 | 1 | 1
1 1 1 1 1 1 1 1
+
(b) g ¥
+
+ +
5 o o o o o o .
1 | | 1 | | | 1

1 - 3 4
Initial pulse energy (pJ)

Figure 4




