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We investigate analytically, numerically and 
experimentally the spectral broadening of pulses that 
undergo the formation of dispersive shocks, addressing 
in particular pulses in the range of tens of ps generated 
via electro-optic modulation of a continuous-wave laser. 
We give an analytical estimate of the maximal spectral 
extension and show that super-Gaussian waveforms 
favor the generation of flat-topped spectra. We also 
show that the weak residual background of the 
modulator produces undesired spectral ripples. 
Spectral measurements confirm our estimates and 
agree well with numerical integration of the nonlinear 
Schrödinger equation.  © 2017 Optical Society of America 

OCIS codes: (190.4370) Nonlinear optics, fibers; (190.5530) Pulse 
propagation and temporal solitons. 
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Dispersive shock waves (DSWs) or undular bores are expanding nonlinear wave packets composed of adjacent rapid oscillations slowly  modulated in amplitude and frequency, which have been investigated in different physical contexts [1-4]. Coherent DSWs develop in homogeneous or disordered media exhibiting strong nonlinearity, weak dispersion and negligible dissipation. In such media the shock waves originates from a wave-breaking process or “gradient catastrophe” regularized by dispersive effects. In optical fibers such wave-breaking  have been observed long ago in the normal dispersive regime when self-phase modulation (SPM) dominates [5-7]. More recently such regime has conveyed a renewed interest, considerably extending the importance of fiber DSWs [8-15]. The main signature of DSWs is the appearance of temporal ondulations near the pulse edges that induce spectral sidelobes. The deleterious effect of these inherent temporal 

oscillations can be avoided in practice with the use of non-breaking parabolic pulses [16, 17]. However, DSWs can be judiciously exploited to generate smooth and coherent continuum spectra in normally dispersive nonlinear fibers [9]. A particularly interesting application of DSW-induced spectral broadening is the generation of flat-topped low noise frequency combs obtained by electro-optic (e-o) intensity modulation of a continuous-wave (cw) laser. The shape of the spectral envelope of such combs plays a crucial role in applications such as direct frequency comb spectroscopy [18, 19], radio-frequency photonics [20, 21] or telecommunications [22]. But because of the limited extinction ratio of high-bandwidth e-o modulators (typically 30 dB) the pulse train is superimposed on a residual continuous background. Even a weak background strongly enhances the extension and the contrast of the temporal oscillations inherent to the dispersive shock [14, 15, 23]. In this letter, we address the study of DSW-induced spectral broadening of 50-ps pulses. We evaluate the influence of the pulse shape and assess the impact of the residual background. We show that super-Gaussian pulses are best suited to generate smooth and flat-topped spectra. We propose an analytical estimate of the maximum spectral extension of the DSW, which mainly depends on the fiber parameters and input pulse peak power, but depends only slightly on the shape and duration of the input pulses. Experimental measurements carried out for different propagation distances or different input powers quantitatively confirm the analytical estimate of the pulse spectral extension and are in excellent agreement with numerical integration of the nonlinear Schrödinger equation (NLSE). The propagation of an envelope wave A in an optical fiber is governed by the NLSE which can be written in dimensional form as: 
0

22

1 2

2

2

2 =α+γ+
∂
∂β−

∂
∂ AiAA

t
A

z
Ai    (1)   

Christophe FINOT
Rectangle

Christophe FINOT
Rectangle

Christophe FINOT
Rectangle



wchthre
Athmantrfaarmidcodethpoୢ

Tୢhlein[2nocoin
wtoanreprww

Fi
pr
10
maࣦேି 

here γ  is the nhromatic dispehe propagationeference which
PA =2  is the whe case of pumodulated by any real EOM hain always coctor ER can bere the pulse pemodulated light,deal EOM can omponent andescribed in refshe intensity mossesses the foୢୢ௭ ൬ߛ ൫|ሺ௭,௧ሻ|మିଶ ሺ|ሺ௭,௧ሻ|మhe two terms ngth, and cannverse of the 24]. In practiconlinear regimonversely in thntegral matters ࣦேିhere C is a conHere, in the go an e-o wave nd normalizedesidual continuropagates throith 2 119.0=β pavelength of 1

ig. 1. (a) Temp
ropagation distan
00 W and withou
aximum spectraேିଵ and ࣦିଵ vers

nonlinear coefersion coefficien distance andh moves at thewave power. Wlses generatedan electro-optihas a finite exontains a cw e defined as Eeak-power and, respectively. be seen as thd a leakage ligs. [24-25] takinmodulator anollowing conserି൯మ ୢ௧మିሻ ୢ௧  ଶߚ  னଶof Eq. (2) havn be considerestandard nonlce, for a pulsme, only the fihe purely dispes. Equation (2) 
ேିଵሺݖሻ  ࣦିଵሺݖሻnstant fixed by eneral case thconsisting of 5d power profuous backgrouough a highly 

12 −mps  and  γ560 nm. 

poral and (c) s
nce for a 50-ps 
ut background (P
al extension pred
us propagation d

fficient, 2β  is thnt and α  is thd t a local time group velociWe focus our atd from a cw ic modulator xtinction ratiobackground oR = (P+Po)/Po d cw backgrounThe light mode sum of a pught. Followingng into accounnd neglectingrvation law னమ൫|෨ሺ௭,னሻ|మିሺ|෨ሺ௭,னሻ|మିሺve a dimensioed as a generlinear and disse propagatingirst integral wersive regime can be rewrittሻ ൌ ሻ supernd of power Pdispersive sinݐthe input conde input conditi50-ps pulses ofile ݂ሺ   ,ܥ
13106.4 −−×=γ W

spectral color m
hyperbolic seca

Po = 0). The dash
dicted by Eq. (8)
distance.  

he second-orde linear loss. zme in a frame ity. In the NLSttention here olaser, intensi(EOM). Becau(ER) the pulor leakage. Thwhere P and nd power of thulated by a noulse without cg the procedut the finite ERg loss, Eq. (
ሺனሻ൯ ୢனሺனሻሻୢன ൰ ൌ 0.  (on of an inverralization of thspersion lengthg in the highwill be relevanonly the seconten as [24]:  (ditions. ions corresponof peak powerrimposed on 

Po. The e-o wavngle mode fib
11 −m  at a carri

map evolution 
ant pulse with P
hed line shows t
). (b) Evolution 

er is of SE on ity se se he 
Po he n-cw re of 1) 

(2)   se he hs hly nt; nd 
(3)   
nd  P a ve er er 

 
vs 

P = 
the 
of 

Figurealong hyperbsuch coevolutipropagdomin(ࣦಿಽషభ ሺ௭ୀࣦವషభሺ௭ୀnumbedistanca stronacquir1(b)),same ispectrupeak palmostand thstrongsumma
where point. spectru
From conditi(rms)breaki
where
The paand onexpliciis appexamp= 0.944the spmaxim
Equatislightlyduratioof the Whithaidenticdisperconstaextenscontinu

 1 shows the tthe propagatibolic secant puonditions, oneion. As can begation, the nonates, thus leadୀሻୀሻ ≅ 6200 corer N=52 [9]).ces, this resultng steepening e weight. At tnonlinearity aimportance (ࣦum. After the spower decreast linear. In thihe spectrum gly temporallyarized by help 
ݖ ≫ ఠଶ depriveߪ  meanIn Eq. (2) we cumݖ
Eqs. (2), (ion |ܣሺ0, ሻ|2ݐ ൌߪఠ at a propang point can b

the dimension
arameter F don the input pitly for differenproximately eqple ܨ ൌ 2ିଵ/ସ4 for m = 3). Cpectrum rangemum of spectra߱୫ୟ୶ටఉఊion (8) showsy on the pulseon and scales aaverage tempam modulatiocal to that sive similaritoant pulse peasion does not uous backgrou

temporal (a) aion distance iulses without e can distinguise seen from Finlinear effect, iding to a signifrresponding tSubsequentlyting spectral eof the pulse edthe shock distaand dispersionࣦேିଵ ൌ ࣦିଵ) andshock point, thses, making this second regiis almost cony broadens. of Eq. (3) as fo ࣦேିଵሺ0ሻ ൎ ࣦିs at a distanccan recognize ed of the cw coߪఠଶ ൌ  னమ|෨ሺ |෨ሺ௭,ன(4) and (5)ൌ ܲ  ܲ ݂ሺݐሻ agation distance expressed asߪఠ ൌ ටఊఉమ ଶܨ nless factor F is, ܨ ൌ  ݂ሺݐሻ2 dݐ ሺ௧ሻ dݐes not dependpulse durationnt input tempoqual to one  for a super-GConsequently, es in the interl extension ߱୫ఉమఊ ൌ ఠටఉమఊߪ2 ൌs that spectrale profile but is as ඥߚ/ܲߛଶ  cororal period ofon theory [1predicted foons of passive fak power P depend on thund. 

nd spectral (c)in the particubackground osh two stages ig. 1, at the eai.e. self-phase mficant spectral to an equivaly, for larger pxpansion, assodges, makes diance zc = 274n have approxd sidelobes aphe pulse dispee evolution prme dispersionnserved whileThis procesollows [24]: 
ିଵሺݖ ≫  ሻ, ce well beyondthe variance oomponent definሺ௭,னሻ|మୢனனሻ|మୢனି.) and with the root mece well beyondsݖ
,  s defined asݐ .  d on the backgn and can beoral profiles. Tfor relevant aussian of ordconsidering thrval [-2σω; 2σω୫ୟ୶ can be calcuൌ ܨ2 ≅ 2 .l extension deindependent orresponding tof the DSWs obt1,11,15]. This or parabolic fibers [26]. Nothe maximuhe power leve

) evolutions ular case of r loss. With of the pulse arly stage of modulation, broadening lent soliton propagation ociated with ispersion to m (see Fig. ximately the ppear in the erses and its rogressively n dominates e the pulse ss can be 
 (4) d the shock of the power ned as  
 (5) an input ean square d the wave-
 (6)  

 (7) ground level e calculated The factor F pulses. For der m (e.g. F hat most of ω], then the ulated as   (8) epends only of the pulse o the inverse tained from scaling is nonlinear-te that for a um spectral el Po of the 



FigtemSpdifth
spThnushprprcathflaGalit20mvevechagpum√5ܨmindudivi[FshwthinbaERfoinarflacathpo

g.  2.  (a) Variatiomporal profile fopectral broadenifferent pulse dure background is
ectral extension prhese remarkaumerical integhown in Fig. 2rofiles obtainedrofiles of identan see that thehree profiles battest spectrumaussian pulsesttle on the pu0 ps to 80 ps. maximum spectertical lines). erified for othhirped pulses. greement withulse spectrummaximum exten5 ≅ 2.2. More ൌ 2/√5 , leadmaximum extennteresting featuue to the nonistortions of tsible in Figs. 3Figs. 3(a),(b)] hape, while, in ith high contrahe spectrum [Fncreases stronackground. FiR = 20 dB geneor applicationntensity. Electrre thus requiratness of theascading two mhe pulse acquioint as already

on of spectral broor 50 ps pulses ing obtained forations. Here the is zero (Po = 0). T
redicted by Eq. (8)able propertigration of the 2. Figure 2(a) d at the fiber otical duration e same spectrabut that superm. Figure 2(b) s, that the speulse duration A good agretral extension This latter rher input pulNote that the h the fact thatm becomes nension equal toprecisely an inds to a parabnsion defined bure is that a n-ideal EOM ithe temporal 3(c)-(f). Thus, both pulse anthe presence ast appear on Figs. 3(c)-(f)]. Tngly with thgure 3(f) shoerates a spectrns, given the o-optic modulared for accurae spectra coumodulators. Fres a paraboly mentioned in 

oadening at the fibwith the same por third-order sinput pulse powe
The dashed lines s
). es have beeNLSE (1) wishows the simoutput for threand pulse peal extension is r-Gaussian pulconfirms, in thectral extensioover a large teement is obtpredicted by remarkable plse profiles afactor 2 in Eqt, well beyondearly parabolo its rms widtnput parabolic olic output spby ߱୫ୟ୶ටఉమఊ ൌ ଶsmall continus sufficient to[11] and specin the absencend spectrum exof the latter, rathe pulse profThe contrast ofhe level of tows that a mrum which is nstrong fluctators with ER ate applicationuld be easilyFigure 3(a) cleaic profile far Ref. [27]. 

 ber output vs inppeak power P; (super-Gaussian er is P = 100 W an
show the maximu

en verified bithout losses mulated spectre different inpak power P. Wobtained for thlses lead to thhe case of supen depends vetime scale frotained with thEq. (8) (dasheroperty is aland for initialq. (8) is in good the shock, thic [27] with th multiplied bpulse, for whicpectrum with ଶ√ହ√ହ ൌ 2. Anothuous componeo induce stronctral profilese of backgrounxhibit a smooapid oscillationfile as well as of the oscillationthe continuoumodulator winot very suitabtuations of iof at least 30 dns [18-22]. Thy increased barly shows thaway the sho

put (b) of nd 
um 

by as ral ut We he he er-ry om he ed so lly od he a by ch a er nt ng as nd th ns on ns us th ble its dB he by hat ck 

Fig.  3.from nusuper-G(no baclines shWe spectraThe dithe samcoeffic1560 nintensiof 10Gaussi(black fiber lpowerspectrunearlyspectrapropagsubstadistancspectramore acontinunumer

Fig.  4. propagapeak pocurves a

 Temporal and umerical integraGaussian pulse hackground), (c), (dhow the maximumperformed a al broadening ispersion and me as those uscient is α = 0nm is first geity modulated 00 MHz and ian pulses [18curve) togethlengths from 5r is P = 47 Wum shows a -square pulsesa is the signatgation distanantially and kece of 800 m.al range beginand more flat.uous backgrorical simulation

 Experimental ation distances rower is P = 47 Ware shifted by 5 d

spectral profilesation of the NLSas a peak power d) ER = 30 dB, (em spectral extensseries of expeof the e-o punonlinear parsed in the simu0.55 dB/km. Aenerated by by an EOM setdelivering 528]. Figure 4 shher with spect50 m to 1400W and ER = 30sinc squareds. The narrow ture of the rece of 50 m eeps broadenFor further ps to saturate aSpectral oscilound in goons of Fig.  3(d).

spectra recorderanging from 0 mW and the extincdB with respect to

s obtained at theSE (1). The inpur P = 50 W:  (a), (e), (f) ER = 20 dBsion predicted by eriments to illulses by the DSrameters of thulations and theA cw centera diode lasert at a repetitio2-ps third-orhows the inputra recorded f0 m. Here the0 dB. The inpd shape as expeak at the ceesidual cw comthe spectruming significantpropagation diand the spectrullations appearod agreement 

ed at 1559.34 nmm (input) to 1400ction ratio is ER o each other for c

 e fiber output ut third-order (b) infinite ER B. The dashed y Eq. (8). lustrate the SW process. he fiber are e linear loss red around r and then n frequency der super-ut spectrum for different pulse peak put optical xpected for enter of the mponent. At m expands tly up to a istances the um becomes r due to the t with the 

 m for several 0 m. The pulse = 30 dB. The clearness. 



Thaswdimdirathshlenomnupaspinpesp

Figdisanpupa
coidexthansmenspanshdethwadGamprnuspwde

he spectral symmetry of thith black line).Figure 5(a) sistance of themaximum intenisplayed in Figapidly towardshe propagationhould be notedss than the thote also anmeasurements umerical integarameter and pectral width mnput power aterfect linear pectral extensio

g.  5.  (a) Variatiostance and at a fnd pulse profile aulse power at arameters and puIn conclusionontinuous backdeal e-o intenxtinction ratio he contrast of nd is thus unmooth spectra.nter into a rpectrum evonalytically calchowed that, atepend on the bhe shape of the e demonstratdapted to proaussian or hymeasurements ropagation disumerical integpectral extensiill be very useedicated to va

asymmetry he input cond shows the vae full width dsity (cw compo. 4. We observes a maximum n regime domd that the widthheoretical estimn excellent and the specration of the Nincluding losmeasured as a t a propagatievolution cleon scales as √ܲ

on of the full specfixed pulse poweas in Fig. 4.  (b)a propagation ulse profile as in Fn, we revealedkground inherensity modulatresults in a the spectral onacceptable fo. Well beyond regime dominolution becomulated the maxt a constant pbackground levpulses as wellted that supeduce flat-toppyperbolic secaof the spectstance are ingration of thon scales as √eful for the dearious applica

originates froition (see the ariation versudetermined at onent excludede that the speclimit value cominated by dishs at -20 dB aremate given byagreement ctral width deNLSE (1) withosses. Figure 5function of thon distance oearly demonstܲ. 

ctral width at -20er P = 47 W. Sam Spectral width distance of 14Fig. 4 and ER = 30d the influenceent to the finiteor. We showsubstantial eoscillations inr the generatthe shock distated by dispmes quasi-sximum spectrapulse peak powvel and is quasi as of their durer-Gaussian puped and smooant pulses. Thtral width as n good agreehe NLSE and √ܲ. We believe esign of e-o frations and rel

om the sliginput spectruus propagatio-20 dB of thd) of the spectctral width tendorresponding spersion. But e indeed slighty Eq. (8). Let ubetween thetermined froout any adjuste5(b) shows the square root of 1400 m. Thtrates that th

0 dB vs propagatime fiber parameteevolution vs inp400 m. Same fib0 dB. e of the residue ER of any nowed that a loenhancement nherent to DSWtion of flat antance the pulsersion and thtationary. Wal extension anwer, it does ni-independent ration. Howeveulses are moth spectra thahe experimenta function ement with ththe maximuthat our resulrequency comblevant to man

ght um on he tra ds to it tly us he om ed he of he he 

on ers put ber 
ual n-ow of W nd es he We nd not of er, re an tal of he um lts bs ny 

systemof tens
 
Fundin11-LABCenter 
 
Acknowstimula
REFER

1. G. 
2. A. 

06
3. W.
4. M.

Ho
5. W.

(19
6. J. 

(19
7. D. 

Soc
8. C.-

Op
9. C.

19
10. Y. L
11. M.
12. J. F

02
13. C. 

26
14. G. 

Let
15.  G.

11
16. J. M

60
17. V. 

03
18. G. 

Hä
19. M.

Lig
do

20. R. 
Op

21. R. 
21,

22. R. 
an

23. S. T
24. D. 

28
25. D. 

26
26. A. 

Lou
(20

27. S. O
44

ms requiring sps of ps. 
ng.  Conseil RégBX-0001-01; for Advanced Ph
wledgment. Wating discussions

RENCES 
A. El and M. A. Ho
M. Kamchatnov, 

63605 (2004). 
. Wan, S. Jia, and J.
. D. Maiden, N. K. L

oefer, Phys. Rev. Le
. J. Tomlinson, R. H
985). 
E. Rothenberg an
989). 
Anderson, M. De
c. Am. B. 9, 1358-1
-J. Rosenberg, D. A
pt. Comm. 273, 272
Finot, B. Kibler, L
38-1948 (2008). 
Liu, H. Tu, and S. A
. Conforti and S. Tr
Fatome, C. Finot, G
1022 (2014). 
Lecaplain, J. M. S

63-266 (2014). 
Xu, A. Mussot, A.

tt. 41, 2656-2659 (
. Xu, M. Conforti, A

18, 254101 (2017).
M. Dudley, C. Fino

03 (2007). 
A. Brazhnyi, A.M.
5603 (2003). 
Millot, S. Pitois, 

änsch, and N. Picqu
. Yan, P.-L. Luo, K.

ght: Science & App
oi: 10.1038/lsa.201

Wu, V. R. Suprad
pt. Lett. 35, 3234-3
Wu, V. Torres-Com

1, 6045-6052 (2013
Maher, K. Shi, L. P
d P. M. Anandaraja
Trillo, J. S. T. Gongo
Castello-Lurbe, P.

8558 (2013). 
Castello-Lurbe, N

6629-26645 (2016)
Zeytunyan, G. Ye

uradour, and A. B
009).  
O. Iakushev, O. V. 

493–4499 (2012). 

pectral broade
gional de BourgoiXCore Reseahotonics. We thank A. Ms. 
ofer, Physica D 333,

A. Gammal, and 

. W. Fleischer, Nat.
Lowman, D. V. And
ett. 116, 174501 (2
H. Stolen, and A. M

nd D. Grischkowsk

esaix, M. Lisak, an
1361 (1992). 
Anderson, M. Desa
2–277 (2007). 

L. Provost, and S. W

A. Boppart, Opt. Let
rillo, Opt. Lett. 38, 3
G. Millot, A. Arma

oto-Crespo, Ph. G

 Kudlinski, S. Trillo
(2016). 
A. Mussot, A. Kudli

ot, D. J. Richardson,

. Kamchatnov, and

M. Yan, T. Hovha
ué, Nat. Photon. 10
. Iwakuni, G. Millo
lications 6, e17076
7.76. 
eepa, C. M. Long,

3236 (2010). 
mpany, D. E. Leaird
3). 
P. Barry, J. o’Carroll
ah, Opt. Express 18
ora, and A. Frataloc
. Andrés, and E. S

N. Vermeulen, an
. 
esayan, L. Mourad
Barthélémy, J. Eur

Shulika, and I. A. S

ning of pulses 
ogne; Labex ACarch Foundati

Mussot and S. 
, 11-65 (2016). 
R. A. Kraenkel, Ph

. Phys. 3, 46-51 (20
derson, M. E. Schu
016). 

M. Johnson, Opt. Le

ky, Phys. Rev. Let

d M. L. Quiroga-T

aix, P. Johannisson

Wabnitz, J. Opt. S

tt. 37, 2172-2174 (
3815--3818 (2013)
aroli, and S. Trillo,

Grelu, and C. Conti

o, F. Copie, and M

inski, and S. Trillo, 

, and G. Millot, Na

d V.V. Konotop, P

annisyan, A. Bend
0, 27-30 (2016). 
ot, T. W. Hänsch, 
6 (2017) accepted a

, D. E. Leaird, and 

d, and A. M. Weine

, B. Kelly, R. Phelan
8, 15672-15681 (20
cchi, Sci. Rep. 4, 72
ilvestre, Opt. Expr

d E. Silvestre, Op

dian, P. Kockaert, 
r. Opt. Soc., Rap. 

Sukhoivanov, Opt. 

of duration 
CTION ANR-on ; Munich 

Wabnitz for 

hys. Rev. A 69, 

007). 
ubert, and M. A. 

ett. 10, 457-459 

tt. 62, 531-534 

Teixeiro, J. Opt. 

n, and M. Lisak, 

Soc. Am. B. 25, 

2012). 
). 
Phys. Rev. X 4, 

i, Opt. Lett. 39, 

. Conforti, Opt. 

Phys. Rev. Lett. 

at. Phys. 3, 597-

hys. Rev. A 68, 

dahmane, T.W. 

and N. Picqué, 
article preview; 

A. M. Weiner, 

er, Opt. Express 

n, J. O’Gorman, 
010). 

285 (2014).  
ress 21, 28550-

pt. Express 24, 

 Ph. Emplit, F. 
Pub. 4, 09009 

Commun. 285, 



Full References 

 
1. G. A. El, and M. A. Hofer, “Dispersive shock waves and modulation 

theory,” Physica D 333, 11-65 (2016). 
2. A. M. Kamchatnov, A. Gammal, and R. A. Kraenkel, “Dissipationless 

shock waves in Bose-Einstein condensates with repulsive interaction 
between atoms,” Phys. Rev. A 69, 063605 (2004). 

3. W. Wan, S. Jia, and J. W. Fleischer, “Dispersive superfluid-like shock 
waves in nonlinear optics,” Nat. Phys. 3, 46-51 (2007). 

4. M. D. Maiden, N. K. Lowman, D. V. Anderson, M. E. Schubert, and M. A. 
Hoefer, “Observation of dispersive shock waves, solitons, and their 
interactions in viscous fluid conduits,” Phys. Rev. Lett. 116, 174501 
(2016). 

5. W. J. Tomlinson, R. H. Stolen, and A. M. Johnson, “Optical wave 
breaking of pulses in nonlinear optical fibers,” Opt. Lett. 10, 457-459 
(1985). 

6. J. E. Rothenberg and D. Grischkowsky, “Observation of the formation of 
an optical intensity shock and wave breaking in the nonlinear 
propagation of pulses in optical fibers,” Phys. Rev. Lett. 62, 531-534 
(1989). 

7. D. Anderson, M. Desaix, M. Lisak, and M. L. Quiroga-Teixeiro, “Wave 
breaking in nonlinear-optical fibers,”.J. Opt. Soc. Am. B. 9, 1358-1361 
(1992). 

8. C.-J. Rosenberg, D. Anderson, M. Desaix, P. Johannisson, and M. Lisak, 
“Evolution of optical pulses towards wave breaking in highly nonlinear 
fibres,” Opt. Comm. 273, 272–277 (2007). 

9. C. Finot, B. Kibler, L. Provost, and S. Wabnitz, “Beneficial impact of 
wave-breaking for coherent continuum formation in normally 
dispersive nonlinear fibers,”.J. Opt. Soc. Am. B. 25, 1938-1948 (2008). 

10. Y. Liu, H. Tu, and S. A. Boppart, “Wave-breaking-extended fiber 
supercontinuum generation for high compression ratio transform-
limited pulse compression,” Opt. Lett. 37, 2172-2174 (2012). 

11. M. Conforti and S. Trillo, “Dispersive wave emission from wave 
breaking”, Opt. Lett. 38, 3815--3818 (2013). 

12. J. Fatome, C. Finot, G. Millot, A. Armaroli, and S. Trillo, “Observation of 
optical undular bores in multiple four-wave mixing,” Phys. Rev. X 4, 
021022 (2014). 

13. C. Lecaplain, J. M. Soto-Crespo, Ph. Grelu, and C. Conti, “Dissipative 
shock waves in all-normal-dispersion mode-locked fiber lasers,” Opt. 
Lett. 39, 263-266 (2014). 

14. G. Xu, A. Mussot, A. Kudlinski, S. Trillo, F. Copie, and M. Conforti, “Shock 
wave generation triggered by a weak background in optical fibers,” Opt. 
Lett. 41, 2656-2659 (2016). 

15. G. Xu, M. Conforti, A. Mussot, A. Kudlinski, and S. Trillo, “Dispersive 
Dam-Break Flow of a Photon Fluid,” Phys. Rev. Lett. 118, 254101 
(2017). 

16. J. M. Dudley, C. Finot, D. J. Richardson, and G. Millot, “Self-similarity in 
ultrafast nonlinear optics,” Nat. Phys. 3, 597-603 (2007). 

17. V. A. Brazhnyi, A.M. Kamchatnov, and V.V. Konotop, “Hydrodynamic 
flow of expanding Bose - Einstein condensates,” Phys. Rev. A 68, 
035603 (2003). 

18. G. Millot, S. Pitois, M. Yan, T. Hovhannisyan, A. Bendahmane, T.W. 
Hänsch, and N. Picqué, “Frequency-agile dual-comb spectroscopy,” 
Nat. Photon. 10, 27-30 (2016). 

19. M. Yan, P.-L. Luo, K. Iwakuni, G. Millot, T. W. Hänsch, and N. Picqué, 
“Mid-infrared dual-comb spectroscopy with electro-optics 
modulators,” Light: Science & Applications 6, e17076 (2017) accepted 
article preview; doi: 10.1038/lsa.2017.76. 

20. R. Wu, V. R. Supradeepa, C. M. Long, D. E. Leaird, and A. M. Weiner, 
"Generation of very flat optical frequency combs from continuous-
wave lasers using cascaded intensity and phase modulators driven by 
tailored radio frequency waveforms," Opt. Lett. 35, 3234-3236 (2010). 

21. R. Wu, V. Torres-Company, D. E. Leaird, and A. M. Weiner, 
"Supercontinuum-based 10-GHz flat-topped optical frequency comb 
generation," Opt. Express 21, 6045-6052 (2013). 

22. R. Maher, K. Shi, L. P. Barry, J. o’Carroll, B. Kelly, R. Phelan, J. O’Gorman, 
and P. M. Anandarajah, "Implementation of a cost-effective optical 
comb source in a WDM-PON with 10.7Gb/s data to each ONU and 
50km reach," Opt. Express 18, 15672-15681 (2010). 

23. S. Trillo, J. S. T. Gongora, and A. Fratalocchi, “Wave instabilities in the 
presence of non vanishing background in nonlinear Schrödinger 
systems,” Sci. Rep. 4, 7285 (2014).  

24. D. Castello-Lurbe, P. Andrés, and E. Silvestre, “Dispersion-to-spectrum 
mapping in nonlinear fibers based on optical wave-breaking,” Opt. 
Express 21, 28550-28558 (2013). 

25. D. Castello-Lurbe, N. Vermeulen, and E. Silvestre, “Towards an 
analytical framework for tailoring supercontinuum generation”, Opt. 
Express 24, 26629-26645 (2016). 

26. A. Zeytunyan, G. Yesayan, L. Mouradian, P. Kockaert, Ph. Emplit, F. 
Louradour, and A. Barthélémy, “Nonlinear-dispersive similariton of 
passive fiber,” J. Eur. Opt. Soc., Rap. Pub. 4, 09009 (2009). 

27. S. O. Iakushev, O. V. Shulika, and I. A. Sukhoivanov, “Passive nonlinear 
reshaping towards parabolic pulses in the steady-state regime in optical 
fibers,” Opt. Commun. 285, 4493–4499 (2012). 


