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Abstract: Optical frequency combs (OFC) are coherent light sources emitting a 

broad spectrum of evenly spaced narrow frequency lines [1]. Dual- and now 

multi-frequency comb systems, made of several mutually coherent OFC with 

slightly different repetition rates, have gained significant interest [2]. They 

promise multi-dimensional spectroscopy in the study of ultrafast dynamics or 

precise distance measurement, motivating the search for speed, precision and 

accuracy. Progress in the field is limited due to the complexity to phase-lock 

several mode-locked lasers. Another approach consists in using a single 

continuous-wave laser followed by electro-optics modulators (EOM) which 

spectrum is broadened into a nonlinear fiber. The pulses counter-propagate to 

maintain a high mutual coherence, de facto, limiting the system to dual-combs 

[3]. We experimentally demonstrate a novel approach to generate a multi-

frequency comb light source with a high mutual coherence in an all-fiber system. 

Our setup is composed by a continuous wave laser, which is divided into three 

arms that feed each intensity modulator. After amplifying our modulated pulses, 

we amplify them through EDFAs and then exploit spatial light multiplexing in a 

3-cores optical fiber. Each pulse propagates in its own core to experience a 

nonlinear broadening but within the same fiber, allowing to keep a high degree of 

mutual coherence. We report an all-fiber, frequency-agile (since based on EOMs) 

multi-frequency comb light source in a 3-core all-normal highly nonlinear silica 

fiber at 1550 nm. We obtained 3 almost similar output flat-top spectra spanning 

over 14 nm with 3 nJ per pulse at 250 MHz and a flat phase noise spectrum down 

to -125 dBc/Hz. The signal-to-noise ratio of interferograms is about 40 dB. 
 

 
Figure 1 : Schema of the all-fiber tri-comb setup. CW, continuous wave; MOD, intensity modulator. 
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Abstract: We study the formation and bifurcation structure of bright localized light states in 
singly resonant optical parametric oscillators. These states undergo two different bifurcation 
structures: collapsed and homoclinic snaking. We have characterized such structures and their 
stability as a function of the main parameters of the system. 

 
Spatially extended systems out of thermodynamic equilibrium may exhibit a plethora of very interesting and rich 
dynamical behavior generally related with the emergence of different types of patterns [1]. One classical example 
of systems of this kind are externally driven dispersive nonlinear optical cavities, where light can propagate 
indefinitely, interacting nonlinearly with the medium. Here, localized states (LSs) consisting in localized spots of 
light can emerge spontaneously due to a double balance between nonlinearity and spatial coupling (e.g., 
dispersion) on one hand and energy gain and dissipation on the other hand. These states have been found 
experimentally in different platforms such as Kerr cavities [2,3]. This work focuses on the study of LSs  in singly 
resonant optical parametric oscillators. An example of such a system is shown schematically in Fig. 1(a). The cavity 
is externally driven by the field B centered at frequency 2ω0 , such that the quadratic interaction inside the cavity 
gives rise to a field A with carrier frequency ω0 . In a singly resonant configuration, only A resonates, while B is 
extracted from the cavity at each round-trip.  In this work we analyze the formation and bifurcation structure of 
different types of LSs in this system using the mean-fild model derived in [4]. 
 

 
Figure 1 : (a) Singly resonant optical parametric oscillator. (b) Collapsed snaking. (c) Homoclinic snaking. 
 

We show that the LSs reported by Nie and Huang [5] undergo a bifurcation structure known as collapsed snaking. 
Here, the modification of the width of the LSs (captured by the L2-norm) with the pump of the system follows a 
damped oscillatory curve like the one shown in Fig. 1(b). Furthermore, we have found that in the subcritical regime 
of Turing patterns, LSs can also emerge as a result of the locking of fronts connecting the trivial state and the 
pattern. These LSs undergo homoclinic snaking [see Fig.1(c)]. Both scenarios have been characterized 
systematically in the parameter space.  
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Kerr cavity solitons (CSs) are pulses that propagate unperturbed in an optical  resonator.
They were first observed in fiber resonators [1] and subsequently in microresonators [2],
where they are often called dissipative Kerr solitons (DKSs). So far, the focus has been on
CSs  driven at  their  natural  oscillation  frequency,  i.e.  with  a  driving  laser  at  the  carrier
frequency of the soliton. However, CSs can also be parametrically driven by a laser at twice
their carrier frequency. This parametrically driven Kerr cavity soliton (PDCS) is solution of the
parametrically  driven nonlinear  Schrödinger  equation  (PDNLSE)  [3-5],  which  describes  a
singly-resonant  optical  parametric  oscillator.  PDCSs  differ  from  CSs  in  their  lack  of
homogeneous background, but also in their multiplicity as two different solitons of the same
amplitude but opposite phase, may exist for the same set of parameters. To show that, we
built the experimental set-up depicted in Fig. 1a. It is a resonator made of  three different
fibers. A periodically poled fiber (PPF) and a single-mode fibre (SMF) provide the second- and
third-order nonlinearity, respectively.  In addition, a short piece of erbium doped fiber (EDF)
is used for loss compensation [6]. Using flat top pulses at 775 nm, we manage to excite a
single PDCS. Detailed temporal  and spectral  analysis (not shown),  show the presence of
background-less sech-shaped pulse circulating inside the cavity [4]. To demonstrate their
multiplicity,  we  perform  a  coherent  detection.  We  first  generate  several  PDCSs.  Once
excited,  we  send  half  of  the  cavity  output  power  to  a  fast  photodiode  for  direct
measurement (Fig. 1b) and make the other half beating with a local oscillator (Fig. 1c). The
direct measurement clearly shows that the two solitons have the same amplitude. On the
other hand, the result of the interference confirms that they have two different phases. Since
there are only two distinct phases [4] and the probability of having one or the other is the
same,  PDCSs  can  be  used  to  generate  random bits  (Figs.  1d,e)  [4].  Optical  parametric
oscillator have already been used for random bits generation [7] and Ising machines [8]. Our
demonstration therefore opens up new applications for Kerr cavity solitons.  
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Fig.  1:  a,  Experimental set-up.  Several components, such as a band pass filter and an isolator are not shown
(dotted  line).  b.  Direct  measurement  of  two  PCSs  and  the  corresponding  coherent  detection  (c).  d-e,
Experimental random number generation through PCSs spontaneous formation.
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Abstract:  We show by means of bifurcation analysis that the inclusion of a
saturable active medium in a coherently driven Kerr cavity impacts soliton
formation, leading to an unexplored dynamics. 

Optical  frequency  combs  (OFCs)  are  lightwaves  composed  of  a  large  number  of
equidistant  spectral  lines.  They  are  important  for  metrology,  spectroscopy,
telecommunications and basic science [1]. OFCs are most often generated by mode-locked
lasers  (MLLs)  or  high-Q  passive  resonators,  although  both  systems  have  important
drawbacks. MLLs are able to produce high power OFC, but are affected by the Gordon-Haus
effect [2], which leads to slight alterations of the repetition rate. In coherently driven passive
high-Q resonators, the carrier frequency is locked to the driving laser, hence the repetition
rate is constant. However, only a small power fraction can be extracted from the resonator.
Very recently, new devices that combine the best of both configurations have been proposed
[3]. 

We study by means of bifurcation analysis, the solitons generated in a fiber ring resonator
that includes a segment of erbium doped fiber, which acts as an amplifier (see Fig. 1 a). The
system is modeled by a generalized Lugiato-Lefever equation that takes into account the
impact  of  the  amplifier  and  its  saturation  [3].   We  focus  on  the  limit  below  the  laser
threshold, where the small-signal gain is lower than the resonator losses. In Fig. 1 (b) we
show the soliton's peak power (red line) as a function of the phase detuning (Δ) for a fixed
value of driving  S=0.4. In contrast to passive resonators, the soliton and the continuous
wave (CW) states  (black line)  are  not  connected through Turing  patterns  and breathing
solitons, but form an isola.

Figure 1 :  (a)Sketchof the device.(b)Solution branches as a function of ∆. Red (black) line shows the 
peak soliton peak power(CW power).

References

[1] S. Cundiff, J. Ye. “Colloquium: Femtosecond optical frequency combs,” Rev. Mod. Phys.75, 325 (2003)

[2] J. P. Gordon, . “ Random walk of coherently amplified solitons in optical fiber transmission ”. OL.11, 665 (1986)

[3]N. Englebert, et al. “Temporal Solitons in a Coherently Driven Active Resonator”. Nat. Phot. 15, 536 (2021)

mailto:carlos.mas.arabi@ulb.be


Ultrafast single-shot measurement of optical solitons colli-
sions. 

 

Dufour Martin, Randoux Stéphane, Copie François, Suret Pierre 

Univ. Lille, CNRS, UMR 8523 - PhLAM - Physique des Lasers Atomes et Molécules, F-59000 Lille, France 

martin.dufour@univ-lille.fr 

 
Abstract: We present the early stage of our work on optical solitons interactions. We propose to bring a 
new point of view about the problem of solitons collisions that was widely studied in the 80’s by looking 
at the influence of dispersive waves on the time shift. By using a time lens-like device (SEAHORSE [1]), we 
report preliminary measurement of both phase and amplitude of pulses colliding in optical fibers. 

In integrable systems the collision of solitons is elastic and is characterized by a phase and time shift in the propagation. 
This phenomenon has been widely studied in the 80’s [2]. Recent applied mathematical work has been devoted to the 
collision of arbitrary pulses described both by solitonic and dispersive waves [3].  

Here we describe preliminary results on picosecond light pulses collisions in optical fibers. By using a spectral filter made 
of a stretcher and a slit on a 80nm wide modelocked laser, we design controlled spectral width and central wavelength 
(I.e group volocity) of two pulses (see figure 1.a). The two pulses are launched into a single mode polarization 
maintaining fiber. We record in single-shot phase and amplitude of pulses before and after collision (see figure 1.b). Our 
preliminary observations reveal the influence of high order effects such as Raman scattering. 

 
Figure 1 : a) Experimental set up for pulses collions. EDFA: Erbium Doped Fiber Amplifier. SEAHORSE: Spatial Encoding Arrangement with 

Hologram Observation for Recording in Single-shot the Electric field. b) Single-shot measurement of the intensity and phase of two pulses after 
400m propagation. The less intense pulse is characterized by a linear phase, revealing a difference of central wavelength (I.e group velocity) with 
the other one. 
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Ultrafast imaging is today an indispensable tool for recording the transient dynamics of complex phenomena in 
many scientific areas. Conventionally, pump-probe methods are used to capture such dynamics but are intrinsically 
limited to reproductible experimental conditions and numerous non-repeatable ultrafast phenomena (e.g. rogue 
events, irreversible chemical reactions, chaotic dynamics) cannot be visualized using such techniques. The need for 
high temporal resolutions has then motivated remarkable advances in the field of ultrafast optical imaging. For 
instance, techniques based on time-stretch imaging [1,2] allow to track ultrafast events with Mfps frame rates and 
long sequence depths but are still too slow to capture events on the ps or fs range. Consequently, the field of 
single-shot imaging has emerged in the last decade, and myriad inventive methods have been developed to reach 
such time scales [3]. Record-high frame rates reaching up to a few tens of trillion fps have been reached with 
computational imaging methods [4]. However, these techniques still suffer from a very high technical complexity 
and their low flexibility hinders real-time operation and prohibits their use out of a laboratory environment. With 
this in mind, we then propose here to combine a simple active imaging technique called sequentially timed all-
optical mapping photography (STAMP) [5] with acousto-optics-based filtering within a compact, versatile and user-
friendly setup, as shown in Fig. 1(a).  

 
Figure 1 : (a) Principle of the ultrafast burst imaging technique. (b) Application to the visualization of an optical Kerr gate (OKG). 

 
Here, the frame rate and exposure time are controlled via the tailoring of the imaging pulses in an electrically-
driven spectral phase and amplitude shaper in both the temporal and spectral domains through the interaction of 
the light field with an acoustic wave. The versatility of our system is demonstrated by imaging ultrafast 
phenomena on different time scales: (i) on the ps regime with the opening and closing of an optical Kerr gate in a 
nonlinear liquid (see Fig. (b)) and (ii) on the ns regime with the tracking of ultrasonic laser-induced shock waves. 
With the objective of of a fully-integrated system dedicated to ultrafast photonics but also to real-world 
application, some refinements (including digital in-line holography) will be highlighted during the conference.  

References 
[1] J. Wu et al.  “Ultrafast laser-scanning time-stretch imaging at visible wavelengths,” Light Sci. Appl. 6 (2017). 
[2] P.-H. Hanzard et al., “Real-time tracking of single shockwaves via amplified time-stretch imaging,” Appl. Phys. Lett. 112 (2018). 
[3] J. Liang and L. V. Wang, “Single-shot ultrafast optical imaging,” Optica 5, 1113 (2018). 
[4] T. Kim et al., “Picosecond-resolution phase-sensitive imaging of transparent objects in a single shot,” Science Advances 6 (2020). 
[5] K. Nakagawa et al., “Sequentially timed all-optical mapping photography (STAMP),” Nat. Photon.  8 (2014). 
 

Acknowledgement 

The authors acknowledge financial support from the Agence Nationale de la Recherche, the European Union with the European Regional 
Development Fund (ERDF) and the Regional Council of Normandie (IFROST and TOFU projects). 
 



Recent progress in the development of 2 µm monolithic fiber 
laser sources at ISL 

 
Christophe Louot, Arnaud Motard, Thierry Ibach, Nicolas Dalloz, Anne Hildenbrand-Dhollande 

French-german research Institute of Saint-Louis, 68300 Saint-Louis, France 
christophe.louot@isl.eu 

 
Abstract: We report on the main progress made at the French-german research Institute of Saint-
Louis (ISL) in the development of 2-µm monolithic rare-earth-doped fiber laser in both 
continuous-wave and pulsed regime. 

 
Laser sources emitting around 2 μm have a particular interest because they match with the infrared 

atmospheric window, and then allow to achieve both civil and military applications. Thulium (Tm
3+

) and holmium 
(Ho

3+
) ion dopants have been predominantly used for conceiving infrared fiber lasers, following MOPA (Master 

Oscillator Power Amplifier) and single-oscillator architectures [1]. Limitations due to MOPA laser physics (ASE 
filtering, nonlinear effects) and the high number of isolated amplification stages needed to get a high output 
power, lead to relatively high complexity and volume for such laser sources [2]. Moreover, free-space pumping 
schemes and cavity mirrors used in single-oscillators suffer from difficult thermal management and optical 
alignments. ISL's research on 2 µm fiber laser sources has been focused on monolithic single-oscillator 
architectures, where all fiber-components are fusion-spliced together, thus offering a very stable and compact 
alignment-free laser system. 

In this contribution, we present our recent results on high power continuous wave (CW) monolithic 2 µm fiber 
laser sources based on Tm

3+
-doped and Tm

3+
, Ho

3+
-codoped active fibers. First results in Q-switched regime will 

also be shown. 
The typical laser setup is described in Ref. [3]. The active fiber (Tm

3+
-doped or Tm

3+
, Ho

3+
-codoped) is pumped 

by four laser diodes, fusion-spliced to two intracavity fiber pump combiners. The cavity mirrors can either consist of 
Fiber Bragg Gratings (FBGs) or 0°-cleaved angle fiber tips. In the free-running configuration, i.e. when both cavity 
mirrors consist of 0°-cleaved angle fiber tips, the laser has two outputs and the emission wavelength is only 
imposed by the active fiber length (spectral position of the maximum gain). This CW setup can be converted in a 
pulsed setup by adding an intracavity acousto-optic modulator (AOM). 

Figure 1 : Continuous wave output power versus 793-nm incident pump power. 

Depending on the targeted wavelength, we can use a Tm
3+

-doped fiber or a Tm
3+

, Ho
3+

-codoped fiber. With a 5-
m long piece of Tm

3+
-doped fiber, a maximum CW output power of 260 W and a slope efficiency of 56 % are 

obtained at 2.02 µm in a free-running configuration (red curve in Fig. 1). With a 10-m long piece of Tm
3+

, Ho
3+

-
codoped fiber, a maximum CW output power of 195 W with a slope efficiency of 45% are obtained at 2.09 µm 
(wavelength imposed by a high reflectivity FBG, blue curve in Fig. 1). To the best of our knowledge, this is the most 
powerful monolithic single-oscillator laser source based on a Tm

3+
, Ho

3+
-codoped silica fiber demonstrated in the 

literature. 
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Abstract: The mid-infrared (mid-IR) spectral range (2-20 µm wavelength) has aroused a high interest in the past 
two decades. Since many important molecules (e.g., alkanes, CO2 or ozone) show strong absorption lines in this 
spectral region1, the mid-IR has attracted a particular interest for sensing applications. Although mid-IR sources 
have reached an impressive level of technological maturity, the wavelength range covered by a single device is still 
limited to a narrow spectral band. To overcome this limitation, the use of nonlinear optical phenomena is an 
alternative solution that enables the generation of an ultra-wide and coherent light source. In this regard, 1-octave 
supercontinuum generation (SCG) in the mid-IR regime has been previously reported in the literature2, by mean of 
a silicon-based platform. In order to reach a boarded spectrum generation towards deeper mid-IR wavelengths 
and cover the full fingerprint region (3-13 µm wavelength), this work takes advantage of the unique dispersion and 
nonlinear properties of graded-index SiGe platforms, together with its broadband features3. Interestingly, 2-octave 
SCG is achieved in a 5.5 mm-length integrated waveguide, covering from 3 to 13 µm wavelength. The influence of 
the pump wavelength and peak power on the SCG spectra are also investigated. Therefore, these results open 
exciting perspectives for the long-term development of compact, cost-effective and multi-molecule sensor that can 
be widely used in a plethora of applications. 

 

 
Figure 1 : (a-b) Experimental SCG for different average pump powers at 7.5 and 8.5 µm wavelength. (c-d) Simulated SCG for 

different related coupled peak powers and similar wavelengths. For the sake of clarity, each trace has been shifted by 30 dB. 
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Abstract: Today, infrared supercontinuum fibers can cover emission ranges from thermal sources 

with superior performance, particularly for spectroscopic applications. A supercontinuum 

generated between 2 and 18 µm covering the entire transmission band of a chalcogenide fiber is 

presented for the first time. 

 

 
Broadband supercontinuum sources are largely studied for around a decade since it is implied with a large field of 

applications such as spectroscopy [1], metrology, medical diagnostics and others. Chalcogenide glasses are good 

candidates for these applications as these materials offer a wide transmission far in the infrared region [2] and also 

have a high non-linear refractive index [3]. The majority of organic molecules absorb within the infrared region and 

some compositions of chalcogenide are known to transmit light until 20 µm. Furthermore, atmospheric windows 3-5 

µm and 8-14 µm are part of the spectral range covered by chalcogenide glasses. We report in this work a step-index 

chalcogenide fiber respecting the European Registration, Evaluation, Authorization and Restriction of Chemicals 

(REACH). The fiber synthetized is made of germanium, selenium and tellurium and it is indeed free of notoriously 

toxic elements and especially arsenic. Here we present a spectral broadening extending in the mid-infrared from 1.5 

to 18 µm. An experiment of gas detection with nitrous oxide (N2O) was therefore done around 8 µm by using the 

Supercontinuum Absorption Spectroscopy (SAS) technique. 

 
 

Figure 1 : Supercontinuum generated in a step index fiber of the Ge-Se-Te system (40 mm in length with a core diameter of 12 
µm) and pumped at 8.15 µm (coupled peak power: 200 kW). 
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Abstract:  We present a dual-comb setup operating in the mid-infrared between 4.2µm
and 4.85µm that is used for high-resolution spectroscopy for various applications. 

Mutually coherent frequency combs generation for spectroscopic applications is a large field of studies
which can lead to powerful techniques such as dual-comb spectroscopy [1]. Very different experimental
setups were investigated in the recent years, and electro-optic modulators have been seen as promising
components for dual-comb setups [2,3]. However, these setups mainly operate in the near-infrared, and
spectroscopic applications are more convenient when performed in the mid-infrared, which means that to
use these components in this particular spectral region, frequency conversion is required [4]. Here, we
present a dual-comb setup operating in the mid-infrared between 4.2µm and 4.85µm and shown in Figure
1. The spectrometer can be used for different spectroscopic applications, and isotopic ratio measurements
of carbon is demonstrated with a good accuracy.  Other simple applications are demonstrated such as
capnography and exhaust gas analysis, which open up new interesting possibilities for applied fields such
as in the medical domain or in geology.

Figure 1 : Electro-optic dual-comb spectrometer operating in the mid-infrared based on the difference frequency 
conversion of combs generated at 1.56µm by the electro-optic intensity modulation of a continuous wave laser.
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Abstract: We report the development of wavelength-stabilized passively mode-locked all-fiber 
laser cavity beyond 2 µm. The observed mode-locked pulse train has a 9.4 MHz repetition rate 
with a pulse length of 10.9 ps. 

Mode-locked lasers operating in the 2 µm band have emerged as an ideal tool for various applications such as laser 
surgery, spectroscopy and micro-machining as this photon energy overlaps with the vibrational molecular 
resonances of H2O, CO2 and NO2 [1]. A variety of pulsed lasers around 2 µm wavelength regime have been 
demonstrated using Tm

3+
 doped silica fibers. However, the incorporation of a bulk diffraction grating into the laser 

cavity added extra loss and complexity [2,3]. In this paper, we experimentally demonstrate a stable, passively 
mode-locked Tm

3+
 doped fiber laser operating beyond 2 µm at the wavelength of our choice (2034 nm), stabilized 

by a chirped fiber Bragg grating (CFBG) as wavelength-selective element.  
The experimental setup of the laser cavity is presented in Fig.1. The cavity was pumped by a commercial 1565  nm 
laser source with a maximum output of 2 W. The cavity comprises a CFBG with a 3 dB bandwidth of 17 nm (2034–
2051 nm) at the input end, and closed on the distal end by a semiconductor saturable absorber mirror (SESAM) to 
achieve passive mode-locking. The RF spectral trace of the pulsed laser output shows the fundamental repetition 
rate of 9.4 MHz which confirms the laser’s stable operation in a fundamental mode-locked regime. Assuming a 
sech² pulse shape, the intensity autocorrelation yields a pulse width of 10.9 ps. Our demonstration of a CFBG 
defined mode-locked fiber laser operating beyond 2 µm paves the way to the development of robust frequency 
combs for practical applications. 

 

Figure 1 : (a) Schematic of the mode-locked laser cavity. (b) Laser output spectrum and CFBG reflection band. (c) ASE spectrum 
of the Tm

3+
 doped fiber. (d–f) Mode-locking is confirmed with the RF spectrum, pulse train and intensity autocorrelation. 
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Abstract: TeO2-ZnO-La2O3 compositions have been selected and then purified in order to draw 
some optical tellurite glass fibers with improved transmission properties. Other optical waveguides 
have also been designed, such as hybrid glass-metal fibers or square multimodal fibers, here 
employed for supercontinuum generation and multiphoton imagery. 

 
Heavy metal oxide glasses such as tellurite glasses present interesting optical properties [1] such as high non-linear 
indices and a wide transmission until mid-infrared. These properties allow fibers to be employed in a wide range of 
applications (medical imagery, environmental monitoring…). TeO2-ZnO-La2O3 (TZL) ternary diagram has been studied 
[2] for these applications and some compositions have been selected for purification and for being employed in step-
index fiber manufacturing. 

Firstly, glass compositions from the TZL ternary diagram were purified in order to capture and remove OH species 
from the matrix inducing absorptions around 3.3 µm [3]. Dehydrating reagents, such as ZnF2 and LaF3, were then 
introduced before synthesis by cation substitution under controlled atmosphere and characterizations were 
conducted in order to determine the efficiency of each fluoride. Optical losses were measured and a minimum of 
0.31 dB/m at 2.6 µm has been observed for single-index purified fibers while non-purified fiber presents an 
attenuation higher than 1.5 dB/m for the same wavelength. Finally, step-index preforms were synthetized by the 
Built-in-Casting method. Attenuation measurements were performed on the resulting multimode fibers and 
exceptional transmission properties up to 4 µm were reported. 

Tellurite glasses also offer possibility to make some other optical waveguides, such as square section fibers (Figure 
1-a). Glass preforms manufactured by the Stack and Draw method were drawn to obtain these fibers. 
Supercontinuum generation was observed, and multimodal imagery  was performed on mouse kidney cells. 
Moreover, another interesting aspect of tellurite glasses is for hybrid glass-metal fiber manufacturing. Electrodes 
[4], made from metal alloy which present some compatible thermical properties with TZL for co-drawing, were 
inserted into the glass preform by the Rod-in-Tube method. Final fiber is illustrated on Figure 1-b. 

Figure 1: (a) Square multimodal fiber and (b) Hybrid glass–metal fiber with two metal electrodes 

To conclude, tellurite glasses purification induces significant improvement for guiding properties of fibers. Optical 
fibers with new geometries can also be manufactured such as square multimodal fibers and hybrid glass-metal 
guides. 

References 
[1] R. El-Mallawany et al. “New tellurite glass: Optical properties,” Materials Chemistry and Physics, vol. 109, no. 2‑3, p. 291‑296, 2008. 
[2] A. Maldonado et al., “TeO2-ZnO-La2O3 tellurite glass system investigation for mid-infrared robust optical fibers manufacturing,” Journal of 

Alloys and Compounds, vol. 867, p. 159042, 2021. 
[3] F. Désévédavy et al., “Review of tellurite glasses purification issues for mid‐IR optical fiber applications,” Journal of the American Ceramic 

Society, p. 18, 2020. 
[4] C. Strutynski et al., “Tellurite-based core-clad dual-electrodes composite fibers,” Optical Materials Express, vol. 7, no. 5, p. 1503, 2017. 

b) a) 



(a) 

 

(b) 

 

(c) 

 

(d) 

 

Competition between Gain through Filtering and boundary 
conditions parametric gains in an optical cavity. 

 
Stefano Negrini

1
, Matteo Conforti

1
, Arnaud Mussot

1
 and Auro M. Perego

2
 

1
University of Lille, CNRS, UMR 8523-PhLAM-Physique des Lasers Atomes et Molécules, Lille, France 

stefano.negrini@univ-lille.fr 
2
Aston Institute of Photonic Technologies, Aston University, Birmingham, B4 7ET, United Kingdom 

 
Abstract: We experimentally and numerically investigate the unexpected competition that rise 
between two kinds of MI parametric gains: GTF gain, obtained by inserting a fiber Bragg Grating 
inside the cavity, and the parametric gain linked to the boundary condition of the cavity. 

 
In the context of optical cavity modulation instability, the role of boundary conditions [1] is clear: a fine equilibrium 
between dispersion, Kerr nonlinearity and linear detuning is needed in order to reach the phase matching condition 
that consequently leads to a four wave mixing process. In the recent past, physicists have looked for different ways 
to stimulate this well known nonlinear process, and lately a new approach is on the horizon: gain through filtering 
[2]. 

 
 
Figure 1 : (a) 2D plot of the evolution of MI spectrum as function of the power. Figure 1 (b-c-d): three sections of the spectra for 
different values of power, blue traces are the measurements red traces are numerical simulations. Parameters: L=100m, γ≈2.5 
/W/Km, β2 = 0.45ps²/km, δ0 ≈ π/9, filter’s central wavelength = 1549.4 nm, filter’s FWHM = 0.3 nm, pump wavelength = 1554.3 
nm.  

 
The idea is to exploit the phase of the filter to add an additional term to the phase matching condition, giving a new 
degree of freedom which allows the exploration of new area in the cavities’ modulation instability universe.  An 
interesting application of this is the possibility to tune the distances between the spectral component of the MI 
spectrum by changing the distance between the pump and the filter [3].  
The interest to GTF is not limited to tunability and more complicated dynamics can be observed in this context. In 
particular, under the right condition it’s possible to have an interplay between the parametric gain given by the 
boundary condition of the cavity and the gain due to GTF process.  
Figure 1(a) is a good example of this peculiar behavior: the 2D plot depicts the evolution of MI spectrum as function 
of the power. As is possible to observe from the insert in Figure 1(b), for low intracavity power the bands generated 
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are not related to the position of the filter (|H(f)|), but emerge at about 1.49 THz from the pump, that is the 
position predicted by the boundary condition MI parametric gain. As the power increases, Figure 1(c-d), GTF bands 
start to emerge from the background noise right below the filter. For a little interval of power values, the two 
phenomena coexist, but for higher powers, the GTF dominates upon the other as show in the last insert. All the 
measurements are in good agreement with theoretical and numerical prediction. 
        In conclusion, we experimentally and numerically investigate an unexpected competition between two 
different kinds of parametric gain inside an optical cavity, selectable by tuning the intracavity power. 
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Abstract:  We present a way to design NOLM-driven mode-locked fiber lasers, which minimizes 
intra-cavity pumping powers and does not affect the self-starting feature of the laser. 

 
The simplest form of a nonlinear optical loop mirror (NOLM) consists of a coupler whose outputs are connected 

to a passive fiber so as to form a loop [1]. The NOLM is highly valued for its versatility, as it inherently has features 
that allow a variety of operations to be performed [2,3], such as time division multiplexing, frequency conversion, 
signal regeneration, suppression of a continuous background, or mode locking in laser cavities. For all these 
applications, the NOLM must have a specific transfer function (TF), defined as the dependence of the output signal 
on the input signal. The NOLM must thus be properly designed, so that its TF is suited to the desired application. 

Here we present an optimal NOLM configuration specifically dedicated to mode locking (Figure 1 (a)), which 
minimizes intra-cavity pumping powers through proper adjustment of the NOLM's coupler ratio, while a band-pass 
filter is used to modify the curvature of the transfer function at the origin so as to preserve the self-starting feature 
of the laser [4]. We chose a low-dispersion high non-linearity fiber (LD-NLF) as the NOLM loop so that a relatively 
short fiber length is sufficient to structure the transfer function by only self-phase modulation, i.e., without higher-
order effects.  Usually, an isolator is placed before the NOLM to impose a unidirectional propagation of light in the 
cavity. In our laser setup, this isolator is replaced by a circulator that simultaneously plays the role of isolator and 
output coupler. The reflected beam is thus redirected to the laser output, rather than suppressing it, which helps 
to reduce intracavity losses. 

Our experimental results confirm the generation of pulses with the proposed NOLM-driven mode-locked fiber 
laser. This laser can emit standard Gaussian pulses (Figure 1 (b)), but also pulses with complex intensity profiles, 
depending on the parameters of the laser cavity. We also present experimental measurements the TF, achieved 
thanks to temporal measurements of the input and output signals. This allows us to verify that the TF has a proper 
shape, and to see how the latter is influenced by the NOLM’s parameters and the dispersion effects.  
  
 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1 : (a) Optimum setup of our NOLM-driven mode-locked fiber laser. (b) FROG measurement of the pulses emitted by this laser. 
 BPF : Band-pass filter, EDF : Erbium doped fiber, WDM : Wavelength division multiplexer, LD-NLF : Low-dispersion highly-nonlinear fiber. 
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Abstract: We demonstrate that two ultrafast soliton molecules apart by several nanoseconds can 
interact in a laser fiber ring cavity. This interaction causes the synchronization of the internal 
motion of the two molecules; and is accompanied by inter-molecules oscillations that are 
synchronized to the internal motions. 

 
Soliton molecules consist of two -or more- solitons that strongly interact in order to form a bound state [1]. This 
bound state usually exhibits periodic internal motion that bears analogy with the vibrations properties of linear 
molecules in chemistry.  If the dispersive Fourier transform (DFT) technique [2] can serve to resolve the internal 
motion of a soliton molecule, it does not provide global information about its travel round the cavity. In order to 
solve this issue, we implemented on the timing traces a deconvolution procedure akin to what is done in 
fluorescence spectroscopy [3]. Doing so, we managed to get a timing resolution down to about 0.14 ps. 
We applied this new technique to the study of the interaction between two molecules [4] separated by 7.6 ns.  

 
Figure 1: a) Experimental setup DCF: dispersion compensating fiber. PBS = Polarization Beam Splitter. b-c) Corresponding single 
shot DFT spectra for the two molecules (Labeled M1 and M2). d) Fourier Transform of b) showing the temporal oscillation of the 
molecule M2. e) Corresponding internal vibrations pattern for the two molecules. f) Signal recorded on the Timing Channel 
(CH2). g) High resolution Point Spread Function (PSF) retrieved after Random Interleaved Sampling (RIS) and noise reduction. 
Data points acquired at a few specific Round Trip numbers "N". h) Evolution of the distance between the two molecules. Inter-
molecule separation is <τ> = 7.6 ns. 

First we observe that both molecules oscillate according to the same vibration pattern. Besides, the analysis of the 
molecules co-motions round the cavity reveals that they form a supra-molecular assembly; despite being apart by 
several ns. This supra-molecular assembly also oscillates in a synchronous manner with respect to the internal 
vibration patterns, hence creating a communication channel for the two molecules, which can then synchronize 
their internal motions with each other. 

We demonstrated that even extremely weak interaction mechanisms in a fiber ring laser cavity would eventually 
built-up to result in noticeable effects. Consequently the different molecules and soliton which coexists must not 
be considered as independent, even for very large separation distance. These findings have been revealed by mean 
a super-localization technique that can virtually turn 80GHz oscilloscope into 7THz one.  
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Abstract: Despite its apparent simplicity, a pair of nonlinear coupled ring resonators exhibits a 
rich dynamics. These nonlinear photonic dimers have recently attracted interest in the context of 
emergent behaviors [1,2]. We theoretically and experimentally study the bifurcation diagram and 
the dynamics of driven-dissipative photonic dimers with dissimilar detunings (Δ1, Δ2). 

 
We consider two passive fiber cavities with a net normal dispersion, coupled through a 95/05 fiber coupler. 

They are synchronously driven by a narrowband laser that pumps the first cavity through a 90/10 coupler. The 
detuning in each cavity can independently be set and/or scanned using piezoelectric fiber stretchers [Fig. 1(a)]. 

The bifurcation structure of our system [not shown], is computed by numerical continuation of the solutions of 
the canonical Bose-Hubbard dimer model for different coupling regimes [3]. The bifurcation analysis predicts 
different dynamical scenarios as self-pulsing, chaos and excitability. For a given set of parameters, the 
experimental measurement of the intracavity power shows a stable oscillation in both cavities [Fig. 1(b)]. We also 
report simulations of the orbits and temporal evolution for diferent chaotic regions [Fig. 1(c)].  As shown through 
the bifurcation diagram the presence of Hopf and homoclinic bifurcations enables excitability [Fig. 1(d)]. 

 
Figure 1 : (a) Schematic of an asymmetrically excited photonic dimer: The two resonators (L, R) are coupled and excited by an 
input beam coupled to the left resonator. (b) Experimental normalized power in the left (blue) and right (red) resonators, 
recorded over more than 2000 lifetimes demostrating periodic oscilations. (c) Simulations of diferent chaotic orbits for a value 
of coupling C = 5. (d) Simulations of periodic orbits near a Shil’nikov bifurcation at C=1.5, which enables excitability. 

 
      In conclusion, we experimentally measured the nonlinear resonances of two coupled cavities when locking the 
driven cavity at a positive detuning. We characterized the self-pulsing dynamics and showed that it is accurately 
modelled by the nonlinear driven-dissipative Bose-Hubbard dimer model. This model notably predicts the 
existence of chaotic regions and Shil’nikov biffurcations which enables excitability that may find applications in all-
optical computing. Our results are also relevant for the dynamics of hopping solitons and for solitons in lattice of 
coupled resonators. 
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Abstract: Since its discovery several decades ago, spontaneous parametric down conversion 
(SPDC) has become a key process in quantum optics and is still at the heart of many fundamental 
experiments and demonstrations of quantum technologies. Following the trend towards 
miniaturization that should allow denser integration of functional quantum devices, 
subwavelength-sized resonators (known as meta-atoms) have recently emerged as promising 
compact SPDC sources with engineered properties [1,2]. In this context, the first generation of 
spontaneous photon pairs from a monolithic AlGaAs nanocylinders exhibiting Mie-like 
resonances was experimentally demonstrated by our group in 2019 [1] (Fig. 1a). This pioneering 
work opens the way towards flexible quantum state engineering through the tailoring of the 
spectral and radiation properties of the nanoantenna. With this goal in mind, our recent work 
focuses on modelling the SPDC process [3] in arbitrarily complex subwavelength structures. We 
developed a multimodal approach based on the calculation of the so called quasi-normal modes 
of the structure. Our formalism constitutes a powerful tool for the design and tuning of the 
nanoresonator properties as it provides a physical inside revealing the main modes involved in 
the generation of the photon pairs (Fig. 1b). Our results are of particular importance to the 
nonlinear optics community with an interest in optical resonators. 
 

 
Figure 1 : a) Coincidence measurement [1] revealing the generation of photon pairs in an AlGaAs cylinder nanoantenna (shown 
in the inset) b) Mode coupling factor ξ and its main modal contributions evaluated around the degenerate signal/idler 
frequency (dotted line) providing a direct estimation of the SPDC generation efficiency in an AlGaAs nanodisk. 
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Coherent Raman scattering microscopy is a fast, label‐free and chemically specific imaging technique that has a high 
potential for future in‐vivo optical histology. However, its imaging depth into tissues is limited to the sub‐millimeter 
range  by absorption and  scattering. Performing coherent Raman and  multiphoton  imaging  in a  fiber endoscope 
system is a crucial step to image deep inside living tissues and to provide the information inaccessible with current 
microscopy  tools.  Here,  we  present  a  flexible,  compact,  and  multimodal  nonlinear  endoscope  (2.2  mm  outer 
diameter, 34 mm rigid length) [1] based on a resonant scanner and a hollow‐core negative curvature double‐clad 
fiber [2]. The fiber design allows distortion‐less, background‐free delivery of femtosecond and picosecond excitation 
pulses and the back‐collection of nonlinear signals through the same fiber. Sub‐micron spatial resolution together 
with >300 microns field of view  is made possible using micro‐lenses or GRIN based miniature objective  lens. We 
demonstrate CARS, 2‐photon fluorescence and second harmonic generation imaging with a sub‐micron resolution 
at a rate of 10 frames/s. We also demonstrate the compatibility of the technology with 2‐photon fluorescence brain 
activity imaging on living mice. 
 

 
Fig. 1. Negative curvature hollow core fiber (a) and its attenuation and group velocity dispersion (b). A picture of 
the 2.2mm diameter, 34mm long endoscope distal head. 
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Even though linear contrast imaging such as confocal microscopy is widely used in biological imaging, multi-photon 
imaging is the method of choice for deep tissue imaging. However, application of multi-photon techniques for deep 
tissue imaging is limited. The imaging depth is limited to 1 mm due to the exponential depletion of ballistic photons. 
One way of improving the imaging depth is by miniaturization of the imaging system to an extent that it can be 
inserted deep into the tissue with minimal trauma. The lensless endoscope represents the ultimate limit in 
miniaturization of imaging tools: an image can be transmitted through a (multi-mode or multi-core) fiber by 
numerical or physical inversion of the fiber's pre- measured transmission matrix. Multi-core fibers (MCFs) are the 
waveguides of choice in this work. 

 

 
Fig. 1. a) A 3D rendering of the micrometric hyper-telescope imprinted on the tip of a fiber b) a conceptual 
schematic of the same. 
 

Despite these advantages of MCF over conventional multimode fibers (MMF), the sparse spacing of the cores 
results in one major disadvantage, the relative power η in the central focal spot is extremely low ≈ 0.01.  Here we 
report the design and fabrication of a highly miniaturized 3D printed optical system at the tip of a multi-core fiber 
(Fig 1). This results in a gain of x35 in the η efficiency, thereby addressing a long-standing roadblock to power scaling 
and high SNR imaging in ultrathin nonlinear endoscopes. 
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Abstract: We report the fabrication of a double clad negative curvature anti-resonant hollow 
core fiber (shown in Fig. 1 (a)) and its functionalization into a multimodal nonlinear endoscope 
designed to be capable of two (2PEF) as well as three (3PEF) photon excited fluorescence. This 
fiber allows high-power femtosecond pulses to be delivered onto the sample without temporal 
nor spectral distortion over a large bandwidth (Fig. 1. (b)). The generated nonlinear signal is 
collected and delivered to a detection channel through the double clad of the same fiber. The 
output of the fiber is shaped with a GRIN lens spliced onto the fiber end, and a micro-objective 
lens, allowing sub-micron spatial resolution. The GRIN lens is replacing a silica bead previously 
used for 2PEF endoscopy[1], that as proven to generate third harmonic noise, making it 
unsuitable for 3PEF imaging. As shown in Fig. 1. (c) and (d), 3PEF imaging allows for a highest 
spatial resolution as well as less out-of-focus background.  
 

 

 
Figure 1 : (a) Scanning electron micrograph of a double clad tubular anti-resonant hollow core fiber designed for multimodal 

nonlinear endoscopy. (b) Measured attenuation spectrum (blue line) and group velocity dispersion (red dots) of this fiber. 
Endoscopic images of (c) 2 µm fluorescent beads and (d) oak leaves using two (green) or three (red) photon absorption, using 

this functionalized hollow-core fiber. 
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Abstract: The fabrication differences in each core of a multicore fiber (MCF) create slight 
differences in their respective refractive indices and therefore shift the light pulses in time and 
phase that are sent into each of the MCF cores. To compensate for the random phase shifts of 
each core when performing coherent combining, one has to measure their relative phase 
difference which is commonly performed by optimization or by measuring the transmission 
matrix (TM) of the MCF fiber. In order to measure this TM, each core is phase stepped with 
respect to a reference field. However, a SLM can only perform phase-modulation and 
therefore, one practical solution for amplitude modulation (switch on/off cores) is to perform 
phase stepping interferometry in the 1

st
 order of a blaze grating on the SLM (Figure 1a)). 

Unfortunately, this method results in high light losses, which can go up to 80%. In light 
intensive applications like the generation of nonlinear signals for imaging with endoscopes [1, 
2], one cannot afford to have such high losses in the optical system. Thus, measuring the TM in 
the 0

th
 order (Figure 1b)), minimizes the light losses significantly, up to a factor of 4, which is a 

factor of 16 in signal levels for second order nonlinear processes such as 2-photon 
fluorescence. In this contribution we measure the TM in the 0

th
 order with Hadamard bases 

which allows to couple light in all cores at the same time without having to switch on or off the 
individual fiber cores. Our approach can be universally applied to MCF systems, shown here in 
tapered and un-tapered MCFs. 
 

 
Figure 1 : Measurement of the transmission matrix of a multicore fiber in the 1

st
 order with a canonical basis a) or in the 0

th
 

order with a set of Hadamard bases. In b) there are considerable less light losses and therefore more power of the laser can be 
efficiently coupled in the fiber. 
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Abstract: We numerically and experimentally demonstrate the spontaneous emergence of conical waves when an 

ultrashort pulse propagates nonlinearly in a multimode fiber, i.e. a discretization of conical emission phenomenon 

(e.g., X-wave) in bulk media. 
 

Conical wave formation is one of the striking spatiotemporal phenomena in nonlinear optics observed during the 

last decades but limited to bulk samples or condensed media [1]. Corresponding optical wave packets are 

propagation-invariant due to their intrinsic coupled spatiotemporal properties driven by a phase-matching 

condition mainly defined by the dispersion of the material. Some recent works have generalized the theoretical 

concept of conical waves towards structured media and even space-time wave packets carrying orbital angular 

momentum [2-3], by considering a linear superposition of fiber modes with an engineered spatiotemporal 

spectrum. Besides, numerical investigations have also reported that such conical waves can spontaneously 

emerge during nonlinear propagation of ultrashort pulses in multimode optical fibers (MMF) similarly to bulk 

conical emission [2,4]. As MMFs support the propagation of a discrete and finite number of guided modes, the 

modal distribution then provides a discretization of conical waves. Here we present both numerical and 

experimental demonstrations of the conical wave formation (see Fig. 1) when an intense ultrashort pulse 

propagates nonlinearly in the normal dispersion of a 6-cm-long commercial step-index MMF (in the case of 

femtosecond pulse pumping and input peak powers around the critical self-focusing threshold of silica glass).  

 
Figure 1. (a) Mode-resolved power spectrum (dB scale) numerically obtained after propagation in our MMF. Inset shows 

spatial intensity profiles recorded experimentally by means of a CMOS camera using narrowband spectral filters in the 

visible region (from left to right: 514 nm, 550 nm, 620 nm, 650 nm, and 700 nm). Colored crosses indicate corresponding 

spectral positions of the experimentally observed LP0,n modes in both visible and infrared (white cross). White circles 

show the theoretical phase-matching condition of the discretized X-wave. (b) Experimental setup. HWP: half-wave plate, 

P: polarizer, L: lens, MMF: multimode fiber. (c) Far-field image of discretized conical emission. 
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Abstract: We show that the mechanism underlying light thermalization and condensation in a 
graded-index multimode fiber is based on a direct turbulent cascade of the kinetic energy to the 
higher-order modes and a bi-directional redistribution of the power in mode space.  

 
Different recent experiments have reported the experimental demonstration of light thermalization toward the 
classical Rayleigh-Jeans equilibrium distribution in a graded-index multimode fiber (MMF) [1-3]. When the kinetic 
energy of the optical beam decreases below a critical value, the Rayleigh-Jeans distribution exhibits a divergence, 
whose singularity is regularized by the macroscopic population of the fundamental mode of the fiber. This effect of 
classical light condensation has been observed in Ref.[1], in relation with certain regimes of spatial beam cleaning 
in multimode fibers [4]. Here, we show that the mechanism underlying light thermalization and condensation is 
based on an energy flow toward the higher-order modes (direct turbulent cascade), and a bi-directional 
redistribution of the power (or wave-action) to the fundamental mode and to higher-order modes [3]. The analysis 
of the near-field intensity distribution provides experimental evidence of this mechanism. The experimental 
measurements are compared to numerical simulations of the modal nonlinear Schrödinger equation (NLSE) and 
the wave turbulence kinetic equation for different values of the kinetic energies. The theory also reveals that the 
power and energy flows can be inverted through a thermalization toward a negative temperature equilibrium 
state, in which the high-order modes are more populated than low-order modes [3]. 

 
Figure 1 : (a)–(c): experimental intensity distributions averaged over the realizations at the input (blue), and the output (red) of 

the MMF. (d)–(f): corresponding numerical simulations of the NLSE, see Ref.[3] for parameters. The condensate fraction is 

n0
eq/N = 0.6 (1st column); n0

eq/N = 0.4 (2nd column); n0
eq/N = 0.2 (3rd column). The dashed green lines report the theoretical 

Rayleigh-Jeans intensity distribution Ieq(r) at thermal equilibrium: The good agreement between the experimental results (red) 

and the Rayleigh-Jeans theory (green) is obtained without using any adjustable parameter, see Ref.[3]. The intensities are plotted 

as a function of the angle-averaged distance r = |r|. The insets show the 2D output intensity distributions with the same color bar.  
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     Fiber Optical Parametric Amplification (FOPA) [1] is a process that consists of amplifying a weak signal beam 

by a high-intensity pump beam through a four wave mixing process thanks to third-order nonlinearity of silica. 

Owing to striking characteristics of this technique such as large bandwidth, wavelength broad tunability and 

high gain in a single fiber, adaptation of this technique to ultrashort pulses amplification has been proposed [2] 

and demonstrated. It is called Fiber-Optical Parametric Chirped-Pulse Amplification (FOPCPA). Recently, we 

have demonstrated the amplification of ultrashort pulses at 1053 nm up to 1 µJ in an FOPCPA architecture [3]. 

However, the polarization of the beam at the output of the system was slightly elliptical due to the use of non-

polarization maintaining fiber into the parametric amplifier. Here, we present a new system in which a 

specifically designed and realized “hybrid” fiber is used for parametric amplification. This fiber allows obtaining 

high-energy ultrashort pulses at 1053 nm associated with single-mode linearly polarized beam. 

     The realized fiber (designed and fabricated by PhLAM using FiberTech Lille facilities) is depicted in Figure 1, 

and combines Photonic Band Gap (PBG) and Modified Total Internal Reflection (RTIM) guiding mechanisms. 

This architecture (an air-silica microstructured cladding with a germanium-doped silica rods row) permits 

dispersion tailoring and ensures sufficient birefringence to maintain the signal polarisation. The fiber has been 

integrated into the FOPCPA system shown Figure 1. In this all-fiber system (only PM components), the signal is 

generated by an industrial 38.5MHz mode-locked oscillator which delivers 12 nm spectral bandwidth pulses at 

1053 nm. After the oscillator, the signal is temporally stretched into two chirped fiber Bragg gratings (CFBG) 

with a total of ~ 120 ps/nm dispersion. The signal is then pulse picked to decrease the repetition rate to 10 kHz. 

Parallel to the signal generation and shaping, the FOPCPA homemade pump delivers microjoule range (up to 

5 µJ) square pulses with ~ 1,2 ns pulse duration and 10 kHz repetition rate. Synchronized signal and pump 

pulses are then combined into the 10 m long hybrid fiber thanks to a wavelength division multiplexer (WDM). 

As shown in Figure 1, by adjusting pump wavelength (slightly above the zero dispersion wavelength of the 

hybrid fiber located around ~ 1030 nm) and peak power, high gain (45 dB) amplification is obtained for the 

signal. Today, we obtain ~ 0.36 µJ of signal energy after amplification. Further characterizations of the 

temporally compressed signal will be presented during the GDR meeting. 

 
Figure 1 : (a) Experimental setup of FOPCPA system.  

(b) Optical spectra of the signal alone (blue line) and of the signal with input pump energy (red line) at the hybrid fiber output.  
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Abstract: We experimentally investigate the noise-driven thermalization of the Fermi Pasta Ulam 
Tsingou (FPUT) in fiber optics. By tuning the input noise level, we highlight a progressive 
disappearance of the recurrences in favor of an incoherent spectral energy equipartition.  

 
The Fermi Pasta Ulam Tsingou (FPUT) recurrences were surprisingly discovered during a numerical study on an 
oscillators’ chain in the 50s [1]. The scientists initially wanted to highlight the energy equipartition between the 
modes and thus to observe a thermalization of the energy. In fiber optics, FPUT recurrences are also observed in the 
framework of seeded modulation instability (MI) and energy transfers occur between the Fourier modes of the 
generated frequency comb [2]. The recurrences can break up if the noise floor, amplified by spontaneous MI and 
four-wave mixing effects, is not negligible anymore compared to the Fourier modes. There is then a competition 
between spontaneous and seeded MI and the energy is progressively distributed over the entire spectrum [3]. To 
the best of our knowledge, no experimental study has been performed yet to observe this thermalization behavior. 
By controlling the initial noise power spectral density, we investigated the impact of the noise on the FPUT process. 
We developed an advanced heterodyne optical time domain reflectometer with an active loss compensation scheme 
to record the power and phase longitudinal evolutions of the main Fourier modes as a function of different initial 
noise power values, Fig. 1. At low input noise, we notice that the Fourier modes remains much more powerful than  

Figure 1:  (a), (e) Fiber output spectra as a function noise power spectral density. (b), (c), (d), (f), (g), (h) Power distributions along 
the fiber the laser pump (blue line) and the first order modulation sideband, the signal (red line). The noise power densities are 
respectively -121.3, -101.8 and -92.4 dBm/Hz for the experiments, and -121.2, -106.5 and -97.3 dBm/Hz for the numerics. 

 

the noise floor at the fiber output, which means that the nonlinear process is still highly coherent. When the added 
input noise increases, the higher order Fourier modes progressively disappear in favor of the noise floor, until we 
even reach a zero signal to noise ratio with all the Fourier modes at the fiber output. Thus we were able to observe 
the progressive degradation of the recurrence process coherence, due to noise contribution and not dissipation. 
Looking at the pump and signal power distributions along the fiber length, we observe 3.5 recurrences without 
additional noise until their disappearance under extremely noisy initial conditions, in excellent qualitative agreement 
with simulations. This way, we highlight the route to the FPUT recurrence process thermalization in optical fibers. 
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Most commercially-available mode-locked lasers provide a single on-off pulse regime to the end user, 

whereas it would be advantageous to augment the pulse tuning possibilities in many applications, from 

micromachining to wavelength conversion. One way to increase the degrees of freedom of a short-pulse laser is 

to incorporate, in the cavity, a saturable absorber with adjustable parameters, such as with the nonlinear 

polarization evolution (NPE) scheme. Moreover, a pulse shaper including a 4-f line and a spatial light modulator 

(SLM) can be used, for shaping the pulse directly in the spectral domain, both in phase and amplitude. However, 

the possibilities to reach an augmented subspace of useful ultrafast dynamics through intracavity parameter 

adjustment is hampered by the difficulty to obtain a convenient library of such dynamics, when considering the 

lack of analytic relationship between the cavity parameters and the pulse features. Nevertheless, such difficulty 

can be circumvented by machine learning strategies and the use of evolutionnary algorithms, well-suited to the 

optimization problem of complex functions.  

In this work, we extend the intracavity controls via a spatial light modulator (SLM) that shapes the pulse in the 

spectral domain, see Fig. 1(a). The extended laser tuning obtained with an intracavity SLM [5] is here for the first 

time combined with the NPE controls and the evolutionary optimization approach [1,4] so that we can blend 

several “genes” of different nature and test the optimization of a user-defined merit function accordingly. This 

work presents a new way to generate complex intracavity dynamics through evolutionary algorithm optimization, 

emphasizing on 2-soliton molecules complying with a user-defined time separation between soliton pulses. This 

is generally not a trivial issue, as a soliton molecule results from the existence of a specific dissipative soliton 

attractor, which in turn depends in a non-analytical way on the laser cavity parameters. Three examples are 

presented in Fig. 1(b), corresponding to a pre-determined 4-8ps separation targets. The optical autocorrelation 

and spectrum clearly correspond to the targets within a 5% timing accuracy with a target value. We note the 

existence of a bounded operating window limited by the features of the experimental setup.   

 
Figure 1 : (a) Sketch of the smart laser setup and interface, (b) Second-order optical autocorrelation traces of self-generated 

soliton molecules obtained after optimization, with differents soliton-soliton separation targets target  and optical spetra  
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Abstract: Since silicon does not have a natural      due to its centrosymmetric 
structure, pure phase modulators on silicon platforms must use different mechanisms. 

Among them, the creation of an effective      from strained silicon, or DC Kerr effect[1,2]. The 
latter is studied here in a silicon Mach-Zehnder modulator (MZM) based on a 6mm long PIN 

junction. The refractive index variation due to DC Kerr is       
 

 
           with 

         
   . Furthermore, a    modulation is also expected with the relationship 

       
   

  
   

    . Then, the measurement of the harmonic signals confirms the      

effects occurring in the device. Figure 1 shows the DC Kerr and harmonic modulation at 
different DC bias applied on both arms of the MZM and RF biases applied in push-pull 
configuration. The   modulation is linear with both DC and RF biases in carrier depletion 
regime but shows a significant increase in the injection regime. As expected, the harmonic 
has a quadratic relation with RF power under reverse bias, and is independent of the DC 
bias. But, as with   modulation, in injection regime, the    modulation drastically increases 
with DC and RF biases. It is thought to be related to an increase of the internal field. The use 
of DC Kerr effect in silicon photonics will be analyzed and discussed in this paper. 

 

 
Figure 1: Variation of the effective refractive index at Ω and 2Ω as a function of the applied RF voltage with frequency 
Ω=4.975GHz and optical power=5mW. The points correspond to the experimental data and the curves are obtained by 

fitting the power law:              
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Abstract :  
Fiber optic endoscopes are flexible, highly maneuverable instruments that allow access to channels in the 
body that traditional, semirigid instruments cannot access at all or can access with a great discomfort to the 
patient. The aim of our project is to conceive a novel fiber-optic component, a “tapered multi-core fiber 
(MCF)” (Figure 1), designed for integration into an ultra-miniaturized endoscope for application in minimally 
invasive imaging in living mice. The so-called lens-less endoscope [1] is the most promising way towards 
further miniaturization and flexibility. The main idea of the lens-less endoscope is a head-mountable device 
containing only an optical waveguide capable of collecting light, retaining its information content, and 
transporting it fiber-optically to remote optics and opto-electronics. This has the dual benefits of a flexible 
optical fiber that could be fixed onto mouse’s head, allowing free movement and a smaller head-mountable 
device which could reduce space constraints, thus allow fixing several probes simultaneously. 
 
In a lens-less endoscope, the MCF must do two jobs: (i) Imaging; (ii) transport. For the imaging task (i) the 
field (or modes) at the end face of the fiber must be such that they can be shaped into an intense focus for 
point-scanning imaging; while for the transport, the main section of the fiber must be able to transport an 
ultra-short pulse distributed over all cores without deforming it through dispersion or non-linearity. 
Therefore (i) favors a MCF with a dense core layout; But (ii) favors a MCF with a sparse core layout. In this 
work the purpose of tapering the MCF is to decouple the end face dimensions from the dimensions of the 
main segment with the aim of simultaneously optimizing the MCF for transport and imaging. 
 
The designed MCF should respond to specific requirements for in-vivo imaging application. The 
requirements should be a small diameter at the distal tip for minimally invasive imaging; high modal density 
for a better spatial resolution; invariant transmission matrix to assure flexible operation; and manageable 
dispersion for advanced imaging. More specifically, MCF should have large number of cores with fair pitch 
size to assure low inter-core coupling; high V-parameter, i.e., cores should be large enough (slightly 
multimode) to attain a significant reduction in the group delay spread, besides the opportunity to taper 
down more before cores become lossy. Unifying these requirements in one single piece of optical fiber is a 
very interesting physical challenge. Therefore, we use coupled-mode theory [2] as a perturbation approach 
to design the wanted model by analyzing the intermodal coupling in a tapered MCF. Then we design the 
same model by finite element method [3] which we employ to validate the model based upon coupled-
mode theory. Moreover, we add certain specifications to our model to design a MCF that can transfer a 920 
nm excitation light which corresponds to the two-photon absorption band of GFP-labels that are used in the 
context of neuro imaging; achieve a ratio of energy in the focused spot as big as possible; and a high memory 
effect. As a result, the designed fiber should acquire two-photon excitation fluorescence imaging, that is 
particularly well suited for deep-tissue and in vivo imaging of live animals. 

 

 
Figure 1 : Scheme of tapered MCF. 
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Abstract: Nous mettons en œuvre différents réseaux de neurones artificiels pour prédire 
l’évolution des profils temporels et spectraux d’intensité après propagation dans une fibre 
optique en présence de non-linéarité forte. Le problème inverse est également considéré. 

 
Les techniques d’apprentissage machine transforment le paysage de la recherche traditionnelle avec 

l’utilisation d’outils algorithmiques avancés pour l’analyse de données massives offrant de nouveaux angles de 
vue. Les domaines de la photonique et de l’optique ultra-rapide n’échappent pas à cette révolution. Nous nous 
intéressons dans cette contribution à la mise en œuvre de telles techniques appliquées à la mise en forme non-
linéaire d’impulsions se propageant dans une fibre optique en présence de non-linéarités optiques. En effet, la 
combinaison de la dispersion et de la non-linéarité au cours de la propagation modifie profondément les profils 
temporels et spectraux de toute impulsion se propageant dans une fibre optique. Le résultat dépend tout autant 
des propriétés de la fibre utilisée que des propriétés de l’impulsion initiale et des impulsions ultra-brèves, 
triangulaires, paraboliques, super-gaussiennes peuvent être générées, tout comme des spectres significativement 
élargis ou, au contraire, comprimés. 
Dans tous ces processus, l’évolution du champ complexe lumineux dans une fibre monomode est prédite grâce à 
l’intégration numérique de l’équation de Schrödinger non-linéaire (ESNL). Nous montrons dans cette contribution 
qu’un réseau neuronal peut se substituer à cette approche et fournir fidèlement les profils temporels et spectraux 
d’intensité [1-3]. Un réseau neuronal est également en mesure de résoudre le problème inverse, i.e. reconnaître à 
partir des profils d’intensité de l’impulsion, les conditions de la propagation.  
 

 
Fig. 1 :  Reconstruction des propriétés temporelles et spectrales (sous-panneaux 
1 et 2) pour une impulsion gaussienne initialement chirpée se propageant dans 
une fibre à dispersion normale. (a) Résultats pour un chirp normal (b) Résultats 
pour un chirp initial anormal. Les prédictions du réseau neuronal (cercles bleus) 
sont comparés avec les résultats donnés par l’ESNL (courbes noires) et avec les 
propriétés initiales de l’impulsion (ligne rouge pointillée). 

 
Fig. 2 : Problème inverse pour des impulsions initialement 
chirpées dans une fibre à dispersion normale. (a) Cartographie 
de l’erreur. (b) Comparaison des valeurs prédites par le réseau 
neuronal et des valeurs exactes.    (c) Distributions statistique 
de l’erreur des erreurs sur N. Les histogrammes sont 
comparés à une distribution normale (pointillés rouges). 
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Abstract: We numerically demonstrate mid-infrared supercontinuum generation in a silicon 
nitride-loaded lithium niobate waveguide operating in the anomalous dispersion regime. 
 

Mid-infrared (mid-IR, 2-20μm) broadband sources are of great interest in many different fields such as 
environmental monitoring, bio-imaging and security[1]. Since many molecules have strong vibrational absorption 
in the mid-IR spectrum regime, mid-IR sources can enable the parallel detection of multiple gas species[2]. 
Despite the great potential that mid-IR technologies offer, its range of applications is still limited, mostly because 
of the size and cost of mid-IR sensing device. Therefore, there is a great need to develop compact and cost 
effective integrated mid-IR platform to access these applications. On-chip mid-infrared supercontinuum 
generation has been demonstrated in several group-IV platforms[3-5]. Great efforts have been devoted by our 
group to achieve an octave supercontinuum generation of up to 8.5μm in silicon-germanium on silicon 

waveguides[3]. Lithium niobate (LN) platform with its large optical transparency window (0.4-5 μm) and strong 

electro-optic effect has also been widely used in optoelectronics and  different applications such as Kerr and 
electro-optic combs generation in near-infrared regimes[6]. Here, we numerically demonstrate supercontinuum 
generation in the mid-IR regime using the lithium niobate platform. To avoid the etching difficulty of LN material, 
we use a heterogeneous integration platform of silicon nitride and lithium niobate to form a ridge waveguide 
(Fig. 1a). We achieve anomalous dispersion operation (Fig. 1b) and generate a supercontinuum extending from 
1.2μm up to 4.3µm (Fig. 1c). 

           

                            (a)                                                                    (b)                                                                             (c) 

Figure 1 : (a) Air-clad devices with hSiN=500nm, hLN=600nm (b) Simulated Dispersion for  four different top waveguide width.. 

(c) Supercontinuum spectrum (red) for input pump at 2050nm (blue) for waveguide width of 3000nm. 
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Abstract: Noise-driven dynamics of Modulation Instability (MI) remain a subject of wide interest 
at the basis of numerous nonlinear optical processes ranging from source development to the 
study of complex phenomena such as supercontinuum (SC) generation and optical rogue waves 
formation. Here, we investigate the influence of (partially-)coherent and extremely weak optical 
seed(s) during nonlinear spectral broadening within a highly nonlinear fiber (HNLF). 

 
MI is commonly observed at the onset of the nonlinear spectral broadening of “long” picosecond pulses or 
continuous waves (CW). In fiber optics, induced MI nonlinear development was intensely studied by considering a 
weak modulation of the initial optical wave and in particular its analytic solutions (especially so-called solitons on a 
finite background) [1]. Conversely, spontaneous MI occurs from noise amplification so that randomly localized 
structures ultimately appear during propagation to generate a “sea of pulses”. However, the inability to 
completely neglect noise in our physical systems makes that many occurrences of this process lies at the frontier 
between induced and spontaneous MI regimes. Control and stabilization of noise-driven MI has already been 
investigated using several all-optical control scenarios with various degrees of success [2, 3]. In contrast, here we 
study the case of (partially-)coherent optical seeding where weak optical seed(s) compete with broadband noise 
during MI sideband formation and subsequent spectral broadening (see Fig. 1a). DFT measurements shows that 
the typical spectral correlation maps associated with noise-driven MI dynamics [4] can be readily adjusted to 
identify and alter the interactions between various spectral components (see Fig. 1b). Our results pave the way 
towards further control of the MI process by leveraging the intrinsic yet complex phase-matching requirements 
associated with MI-based four-wave-mixing cascade. We expect this approach, to be compatible with machine-
learning strategies [5], and prove useful for further tailoring nonlinear interactions in guided fiber propagation 
towards e.g. SC with finely tuned spectro-temporal properties and controlled noise fluctuations. 

 

Figure 1 : (a) Experimental setup used to extract and combine a 30 ps pump pulse with two weak seeds from an initial 80 fs 
pulse. A programmable spectral filter (Waveshaper, Finisar) is used to spectrally “slice” the broadband pulse before 
amplification and propagation in 358 m of HNLF. The generated seed parameters (i.e. controllable detuning Δω, power P and 
phase Φ) are adjusted to study their impact on the MI broadening dynamics, which are, analyzed experimentally using 
Dispersive Fourier Transform (DFT) measurements [4]. (b) Examples of spectral correlation maps measured at the fiber output 
for (i) spontaneous MI with a pump at 1550 nm along with two (ii) quasi-coherent and (iii) coherent seeds at 1545 and 1541 nm. 
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Abstract: We report here a measurement method of weak Kerr nonlinearities in integrated 
waveguides. The method is based on self-phase modulation effect and takes into account the 
coupling coefficients allowing to extract the waveguide contribution to the nonlinear phase. 

 
Integrated photonic devices are of interest during the last years. Strong light confinement in integrated 
waveguides gives rise to the observation of nonlinear effects even for small propagation distances. One of the 
interesting phenomena observed in the nonlinear integrated cavities is the generation of optical Kerr frequency 
combs [1]. Among the candidate materials for that purpose is the N-rich silicon nitride SiNx on SOI platform, 
presenting negligible nonlinear loss and quite moderate linear losses [2]. To design novel nonlinear integrated 
devices accurate measurements of waveguide nonlinear index are required. Relatively low nonlinearity of SiNx 
waveguides makes the nonlinear phase cumulated in the waveguide comparable to those cumulated in the other 
parts of experimental setup like the optical fiber used for the injection. Though, the measurement of waveguide 
nonlinear index must include the ability to distinguish between the nonlinear phase accumulated in the injection 
optical system and that in the integrated waveguide. 
Here we propose a method, based on spectral broadening in nonlinear waveguides, based on the previously 
introduced DScan technique [3]. Optical pulses with a top-hat shape spectrum are propagated though the 
nonlinear waveguide under study, giving rise of nonlinear wings in the optical spectrum. Our method allows to 
derive the nonlinear phase cumulated during the propagation from the broadened spectra by comparison 
between the experimental and numerically propagated spectra. The contribution of nonlinear waveguide is 
obtained by performing a series of experiments with different attenuation before injection into the waveguide and 
numerical processing based on downhill simplex method. The proposed technique allows to measure weak 
nonlinear phases with a sensitivity as low as tens mrads. 

 
Figure 1 : Comparison of experimental and simulated spectra: relation between the energy in the nonlinear wings and in the 
central part of the spectrum for different attenuation before injection in the guide. Inset: experimental and simulated spectra 
after propagation in a waveguide. The injected spectrum is marked with blue. 
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Abstract: Chalcogenide glasses exhibit visible to mid-infrared (MIR) transparency as well as high refractive indices 
and strong optical nonlinearities. In this work, we study the linear and nonlinear optical properties of innovative 
GeSe1−xTex phase-change material (PCM) thin films deposited by industrial magnetron sputtering. These GeSe1−xTex 
alloys belong to the GeSe-GeTe pseudo-binary line lying between the covalent GeSe glass and the “metavalently” 
bonded GeTe PCM. These materials are considered as very promising candidates for high temperature non-volatile 
resistive memory and IR photonic applications. In fact, they exhibit the highest thermal stability of the amorphous 
phase reported so far for a PCM with a high refractive index contrast upon crystallization above 300°C [1] as well 
as a good transparency in the NIR range in both states. Finally, we show how, by modifying the Te content of 
GeSe1−xTex thin films, one can tailor their linear and non-linear optical properties for a wide range of innovative 
optical applications. 

1. Introduction 
Chalcogenide materials are widely studied since long time owing to their uncommon electronic, structural and 
optical properties. This unique portfolio of properties has led first to their wide use for non-volatile memory 
applications [2]. The high transparency window in the IR, coupled with large optical nonlinearities observed in 
some chalcogenide glasses, also offer opportunities for elaboration of innovative mid-infrared (MIR) components 
such as MIR super-continuum (SC) laser sources, optical sensors, IR micro-lens arrays and all-optical integrated 
circuits [3]. We study herein the use of novel amorphous GeSe1−xTex alloys. They exhibit promising nonlinear Kerr 
refractive index n2, offering further opportunities for on-chip NIR-MIR nonlinear devices. 

2. Results 
To evaluate the impact of Te content of the GeSe1−xTex thin films on 
their nonlinear optical properties, we first plotted in Figure 1 their Kerr 
refractive index n2 as a function of wavelength. Plotted curves were 
obtained by means of the Sheik–Bahae model [4]. This method allows 
to estimate the nonlinear Kerr refractive index n2 by means of an 
analytical approach using linear refractive index n and optical band gap 
energy Eg values. Note that outstanding values of n2 are obtained for all 
GeSe1−xTex amorphous films in the NIR range to be compared to the low 
value of 7.0e-19 m2/W of the SiN considered the reference material for 
on-chip nonlinear photonic applications. 

3. Conclusions 
The study of the optical properties of GeSe1−xTex thin films show that 
these new exciting glass compositions offer promising maximum values of nonlinear Kerr refractive index n2 for 
purpose of nonlinear photonic applications. 
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Figure 1: Nonlinear Kerr refractive index n2, as 

a function of wavelength for the amorphous 

phase of GeSe1−xTex films. 
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Abstract: we performed distributed measurements of supercontinuum generation along a 
nanofiber with an experimental method based on the right angle Rayleigh scattering. 
 

The main techniques used to characterize the field propagation along a micro- or nano-waveguides operating in 
nonlinear regime are either limited at the output or input side of the waveguide in order to analysis the 
transmitted or backscattered field, or they provide distributed measurements along the waveguide, however, 
operating in linear regime or without spectral resolution [1,2]. In this work, we present a non-destructive and non-
invasive imaging spectroscopic technique with a high spatial and a spectral resolution to characterize along 
centimetric length and micrometric waveguides the generation of spectral components by nonlinear effects. In this 
work, by analyzing with a confocal micro-spectrometer the Rayleigh scattering intensity radiated out of a 
nanofiber, we show, for the first time to our knowledge, that our method can spectrally characterize the 
generation of a Raman cascade along the homogeneous part of a tapered fiber. 
 
The waveguide studied in this work represent a tapered fiber based on a standard single mode fiber at telecom 
wavelength SMFG652D. The optical nanofiber part (ONF) has a uniform waist of about 700 nm over 2 cm length 
and the two transition tapers have each a length of about 48 mm (Fig. 1(a)). Figure 1(b) shows the experimental 
measurement in logarithmic scale of the spectral evolution of a Raman cascade along the ONF obtained with a 
pump power at a wavelength of 532nm in the subnanosecond regime (500 ps). This result clearly shows the 
distributed measurement of the Raman cascading process, i.e., the generation of the different Stokes and anti-
Stokes Raman orders, as well as the increasing of their intensities with the propagation distance along the short 
ONF. These features are due to the strong confinement of the light in this region, which enhance therefore 
nonlinearity even along a short length of propagation. 
 

 
 

Figure 1 : (a) tapered fiber geometry. (b) Experimental mapping in logarithmic scale of the evolution of the Raman cascade 
along the nanofiber region obtained at a power pump at a wavelength of 532 nm in the picosecond regime (500 ps). 
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Abstract: We numerically study the potential of coherent temporal pulse synthesis for the 
advanced control of nonlinear fiber propagation dynamics. In particular, we investigate how the 
use a reconfigurable optical delay line system integrated on a chip can be leveraged to tailor 
patterns of femtosecond pulses before fiber propagation, so that to shape the spectro-temporal 
properties of the resulting supercontinuum at the fiber output. 

 
Supercontinuum (SC) has been recognized as a well-established technology. In fact, the possibility to use such SC 
sources strongly depends on their characteristics (e.g., coherence, flatness, wavelength coverage, brightness, etc.). 
As SC generation dynamics are typically extremely sensitive to the initial conditions, optical control of the input 
pulse have been intensely studied as a viable way to suitably adjust the pulse broadening process during fiber 
propagation. Yet, these approaches typically rely on the use single (adjusted) pulses launched into a nonlinear 
fiber. In such a case, independent parameters are limited for “on the fly” control properties of SC generation. (e.g., 
changing the peak power, pulse shape or duration) [1]. In contract, the use of multi-pulse seed coupled into a fiber 
leads to further degrees of freedom to optimize the output properties of the SC [2]: SC formation can be controlled 
by a variety of nonlinear phenomena spanning both intra- and inter-pulse effects, as recently reported via machine 
learning optimization [3]. Here, we numerically study the potential of the tunable tailoring of a femtosecond laser 
pulse by means of an integrated system: Such on-chip coherent synthesis allows for splitting an input pulse into up 
to 256 adjustable replicas with relative temporal separation of 1ps (Fig. 1 - left). Suitable control of the system (by 
changing the MZIs splitting ratio) thus allows to tailor the spectro-temporal content of the SC after 40 m of highly-
nonlinear fiber propagation (see Fig. 1 – right pannels). For example, Fig. 1 illustrates how the output timing (i.e. 
arrival time at the fiber output) can be selectively chosen to either enhance or suppress the overlap between 
different spectral components. We expect this approach to possess a great potential for selective and on-demand 
reconfigurable laser processing (e.g. multiphoton microscopy with adjustable imaging wavelength and/or 
modality). 

 
Figure 1 : (left) FROG measurement of multi-pulse pattern generated from an integrated photonic chip made of cascaded 
Mach-Zehnder interferometers (MZI) and delay line waveguides [3]. (right) Temporal and spectral intensity profile of a 
numerically simulated SC based on this concept of “on-chip” coherent temporal pulse synthesis [3,4]. The SC filtered at selected 
wavelengths shows the possibility to overlap or separate temporally different spectral components with great flexibility. 
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