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New approaches to supercontinuum control in the long pulseregime

G. Genty®and JM. Dudley®
®Department of Physics, Tampere University of Technology, Tampere, Finland
®Institut FEM TO-ST, Université de Franche-Comté, Besancon, France

ABSTRACT

We review recent developments for controlling supercontinuum spectral structure generated in photonic crystal fibers.
Specifically, we describe two different approaches to generating supercontinuum with improved stability characteristics
in the long pulse regime where the use of picosecond or nanosecond pulsesis generally associated with large instabilities
and decoherence. On the one hand, the use of dispersion-varying fibers results in efficient soliton compression and
symmetric dispersive wave generation mechanism leading to near-uniform spectra. On the other hand, applying a
modulation on the input pulse alows control of "optical rogue wave" fluctuations with significant stabilization of the
long wavelength Raman solitons position.
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1. INTRODUCTION

Following its first observation by Ranka et al. in 199920001, supercontinuum (SC) generation in photonic crystal fiber
has remained a subject of intense research. Motivated by important applications in precision frequency metrology, initia
effort focussed on developing a clear physical understanding of the underlying mechanisms and noise properties of SC
generation seeded by femtosecond pump pulses, a regime which is now very well understood®®. Research is now
shifting towards detailed studies of the dynamical properties for cases where spectral broadening is initiated in the so-
called "long pulse" regime, using picosecond to nanosecond pulses, or even a continuous wave pump, as SC can be
generated using a variety of compact and relatively inexpensive pump sources. In fact, under these conditions and
pumping in the anomalous dispersion regime, the SC spectral broadening has been shown to be associated with a very
rich range of dynamical behavior, involving spontaneous pulse break up due to modulation instability (M) followed by
the propagation and interaction between very large numbers of ejected soliton pulses®. With such long pulses,
however, the generated SC typically suffers from large shot-to-variations resulting from noise-seeded M| and this can
limit the potential application of the generated broadband spectra. There is thus significant interest in developing
techniques that allow a degree of control into the shaping and stability of SC generation in this regime. Furthermore,
crucia insight into the mechanisms underlying SC fluctuations has recently been provided by Solli et al. who used a
novel wavelength to time conversion technique to directly measure the statistics of the shot to shot SC noisé™. Of
particular interest is the fact that fluctuations in the spectral structure of the SC in the long pulse regime were shown to
be associated with the generation of "optical rogue waves' -statistically rare events associated with the extreme red shift
of Raman solitons pulses on the long wavelength SC edge™**?. Here, we explore different routes to limit the statistical
fluctuations associated with SC generation in the long pulse regime.

Significantly, detailed previous studies have suggested that fibers with longitudinally varying dispersion could be
advantageous in generating flatter and broader SC spectra compared to fibers with uniform longitudinal dispersion*’ .
In particular, fibers with a decreasing dispersion profile were found to produce uniform and wide SC with a high degree
of coherence useful for pulse compression applications. Initial studies have focussed on low peak pulses thereby
resulting in SC generation with limited bandwidth and spectral density. Revisiting the use of such fibers for SC
generation we show that it is also possible to generate octave-spanning SC from high peak power pulses yet with high
stability characteristics. The advantage of such pumping scheme lies in the efficient higher-order soliton compression
and dispersive wave generation which precludes M| and associated statistical fluctuations®”.

Another approach consists in controlling the generation of rogue waves inherent to the long pulse regime with
anomalous pumping™*®. As a matter of fact, it has been shown that a degree of enhancement of the rogue wave
generation can be obtained through the use of a small amplitude modulation on the input pulse envelope®>*¢. We extend



this concept of rogue wave control to examine in more detail the degree to which the structure and stability of the output
SC spectra can be modified through a suitable input pulse modulation and provides practical guidelines that can lead to a
fully coherent continuum.

2. SUPERCONTINUUM GENERATION IN DISPERSION DECREASING FIBERS

The objective of this section is to address SC generation in fibers with longitudinally-varying convex dispersion profile
(DF-DDF) which typically exhibits two zero-dispersion wavel engths whose separation reduces with distance (see Fig. 1).
In this type of fiber, the dispersion at the pump wavelength changes from anomalous at the input end to normal at the
output end. Fibers with two ZDWSs have been demonstrated in the early 1980's using double clad fiber technolog %2
and it was in fact the use of such "dispersion-flattened" fibers with longitudinally decreasing dispersion that originally
led to the extensive studies of SC generation at telecommunications wavelengths. A major result of these studies was the
statement of clear fiber design criteria for the generation of a uniform SC spectra: (i) a dispersion profile presenting
decreasing anomalous GVD with propagation and (ii) a dispersion-flattened convex wavelength variation of the GVD
exhibiting two zero dispersion wavelengths at the fiber input and centered near the pump'®.

Fig. 1. Convex dispersion profile of adispersion-decreasing fiber.

2.1 Basic dynamics of Sc generation in DF-DDF

Our rs1[u]merica| model uses a generalized propagation equation suitable for studying broadband pulse evolution in optical
fiberd®
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Here, A=A(zt) is the electric field envelope, the £('s are the fiber dispersion coefficients at center frequency ay, and y =
nyan/(CAg) is the nonlinear coefficient, with n, = 3.2x10% m%W the nonlinear refractive index and Ay the fiber
effective area evaluated at an. The time derivative term describes effects such as self-steepening and optical shock
formation, characterized by atimescale zo = 1/ ax. IN the context of fiber propagation, the frequency dependence of the
modal effective area Ag can introduce significant dispersion in the nonlinear response, and this can be included to avery
good approximation through afirst order correction to zgeq *”. The nonlinear response R(t) = (1—fg)(t)+frhg(t) with fg =
0.18 includes instantaneous and Raman contributions. The response hy is determined from the experimental fused silica



Raman cross-section, but similar results can be obtained using analytic approximations for the Raman term. Noise is
included in the frequency domain through a one photon per mode background, and via the term 7'z which describes
thermally-driven spontaneous Raman scattering!®.

In order to illustrate the specific dynamics and characteristics of SC generation in DF-DDF we first examine low power
SC generation regime with parameters typical of those used in previous studies®®. We consider input pulses at 1550 nm
with peak power P,=1 W and duration (FWHM) of Az=5 ps propagating in a 1 km length of DF-DDF. The input pulse
parameters correspond to an average power of 50 mW at a repetition rate of 10 GHz, typical of amplified pulses from
high-repetition rate harmonically-modelocked fiber lasers. The dispersion coefficients are caculated from a
longitudinally varying dispersion model given by

D(2) = Do(l—i}%(z—zo)z

with D= 6 ps nm™ km'*, D,=-2x10"* ps nm™ km™, and L;=900 m. In this model the parameter D, sets the convexity of
the profile while Ly represents the distance at which the dispersion changes from anomalous to normal at the pump
wavelength. Figure 2 plots the dispersion parameter D at selected distances to illustrate the longitudinal evolution of the
convex dispersion from anomalous to normal values in the vicinity of the pump. For values of z < Ly, the profile presents
two ZDWs whose separation decreases with distance. At distances exceeding Lo, the dispersion is normal at all
wavelengths. It is assumed that the pump wavelength corresponds to ey, and the nonlinear coefficient of the fiber is
assumed to be constant =5 W™ km™. For the pump wavelength consider here 74,,4=0.822 fs.
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Fig. 2. Dispersion profile for the DF-DDF as described in the text at selected fiber lengths. The zero-lineis shown to
highlight the variation in the separation between the two ZDWs with distance’®”.

Figure 3 shows the spectral and temporal evolution observed in this case. The dynamics of the SC formation in a DF-
DDF differs substantially from that observed in a fiber with decreasing zero-dispersion wavelength. The initial pump
pulse here corresponds to a second-order soliton N=2.3, and the adiabatically decreasing dispersion combined with the
Kerr nonlinearity induces an initial phase of symmetrical spectral broadening and associated temporal compression.
Such adiabatic pulse compression in dispersion-decreasing fibers has been analyzed originally for injected fundamental
solitond®#! but higher-order soliton compression in these fibers leads to similar dynamics except for a much reduced
optimum compression distance®”. This initial stage is in fact qualitatively identical to the case of fiber with decreasing
zero-dispersion wavelength.



Spectral and Temporal Evolution: 5 ps, 1 W
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Fig. 3. Evolution of spectral (Ieft? and temporal intensity (right) for a5 ps duration, 1 W peak power pulse at 1550 nm
propagating in a DF-DDF?* as described in the text.

This phase of initial compression can be more conveniently visualized by plotting the evolution of the key pulse
parameters along the length of the DF-DDF asis shown in Fig. 4(a). Specifically, it can be seen how the smooth increase
in peak power and decrease in pulse duration are associated with the initial evolution of the propagating pulse towards a
fundamental soliton. It isthis adiabatic evolution in the soliton parameters that precludes the break-up of the pulse due
to soliton fission otherwise observed in SC generation. The point of maximum compression is reached dightly before
the propagation distance of L,. At this point the spectrum experiences significant broadening into the normal dispersion
regions. The initial phase of propagation is associated with adiabatic compression and spectral broadening but, after a
propagation distance of around 850 m, the spectral bandwidth has increased sufficiently to induce dispersive wave
generation symmetrically with respect to the pump wavelength. In the case of a fiber with a single ZDW, dispersive
wave generation is associated with a modification of the pump spectrum due to spectral recoil, but the simultaneous
generation of two dispersive waves in the fiber considered here leads to opposite spectral recoils which balance. This
prevents any shift in the spectrum of the pump and contributes to yield a continuous spectrum from the edges towards the
center. For propagation beyond L, the bandwidth stabilizes somewhat while the temporal intensity broadens and
develops strong modulation. The slight asymmetry observed in the output spectra arises from stimulated Raman
scattering.

Besides the symmetrical aspect of the spectrum, another noteworthy difference with SC generation in other types of
fibers is the apparent flatness of the SC spectrum. Two factors principally influence the flatness of the spectrum. Firstly,
although the phase-matching condition for dispersive wave generation is intrinsically narrowband, the longitudinally
varying separation between the pump and the ZDWs results in a continuous and broadband range of phase-matched
wavelengths. Secondly, after propagating beyond L, when the dispersion is normal everywhere, the residual pump
components temporally broaden and overlap with the frequency-shifted dispersive waves, facilitating interaction through
cross-phase modulation. The combined result of these dynamicsis a broad and flat SC almost free of fine structure. The
residual spectral structure at the pump wavelength is a typical feature of higher-order solition compression, and
corresponds to the broad time-domain pedestal. The absence of soliton fission would suggest that this propagation
regime would be highly coherent. Indeed, thisisthe case, and is shown explicitly in Fig. 4(b) based on an ensemble of 20
simulations performed with different random noise seeds. There is clearly negligible pulse-to-pulse intensity noise, and
near perfect coherence across the SC bandwidth.



(a) Longitudinal Evolution

(b) Output Spectral Characteristics
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Fig. 4. Further details of the dynamical evolution shown in Fig. 31??. (a) shows the longitudinal evolution from one
simulation of the peak power Py(z), pulse duration (FWHM) Az and (for propagation distance z < L, the associated
soliton order. (b) Results from 20 simulations showing the output spectra (bottom curves, left axis) and corresponding
degree of coherence (top curve, right axis). For the spectral plots, the gray curves show the individual spectrafrom the
ensemble while the solid line shows the calculated mean. The differenceis apparent only in the spectral wings.

Aspects of these specific dynamics can be better visualized in the projected-axis spectrogram® plotted in Fig. 5. The
specific dispersion profile of the fiber manifests itself in the fact that the dispersive waves are spread in time-frequency
space in an Slike structure. A careful inspection of the spectrogram also reveals the physical origin of the strong
temporal modulation in the pulse wings as arising from the beating of the unconverted and dispersed pump and the
dispersive wave components. The spectrogram also clearly reveals how the unconverted pump is sufficiently temporally
broadened to overlap with al the dispersive wave components. Of additional interest is the fact that the Slike
characteristic of the spectrogram leads to a temporal chirp of this intensity modulation (see the expanded portion of the
intensity profile).
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Fig. 5. Projected axis spectrogram of the output pulse of Fig. 3 illustrating how the flattened spectrum is associated with a
complex modulated temporal structure®. The gate function used in the spectrogram calculation had duration
(FWHM) of Az =1 ps, the same as theinitial pump pulse.

2.2 SC generation in DF-DDF with larger input peak power

Although propagation in DF-DDF was initidly studied in the context of low power SC generation for
telecommunications applications, suitable scaling of the fiber dispersion can lead to the similar generation of broadband
flat SC with input pulses over a much wider parameter range. Therefore, DF-DDF can be envisaged as a more general
route towards SC generation of picosecond pulses, with precise fiber designs yielding coherent SC generation at peak
power levels in the hundreds of Watts range and beyond. Two examples of such designs yielding coherent SC around
1550 m with significantly higher peak power than considered above are displayed in Fig. 6.

The first example consider 200 W peak power pulses of duration (FWHM) 1 ps propagating in a 7 m length of DF-DDF
with Do = 10 psnm*km?, D, = -2x10* ps nm® km™, L;=6 m, and y= 5 W™ km™. This yields similar spectral
characteristics as with low input soliton order, again with excellent coherence. The input soliton order is in this case
N=5.0. Resultsfor 1200 W peak power pulses of duration (FWHM) 1 ps propagating in a 1.4 m length of DF-DDF with
Do = 30 psnm™ km™, D,=-2x10* psnm> km™, Lo=1.2m, and y =5 W™ km™ are also shown in Fig. 6. Although we
do not see the same degree of spectral flatness at this very high power level, we can till observe broadband spectral
generation. The input soliton order here is N=7.1. Also shown in these figures is the corresponding evolution of the
soliton parameters along the fiber to illustrate the similar smooth evolution dynamics to the low power casein Fig. 4. In
fact the trend observed in the SC generation for increased input soliton order israther general, which alows to give some
guidelines that will typically result in a broadband coherent SC. For larger N the propagation distance and L, should be
reduced while the dispersion at the pump wavelength at the fiber input should be increased. Smaller convexity parameter
of the dispersion profile generally yields better coherence at it prevents soliton fission but at the expenses of the
bandwidth which is determined by the phase-matching condition of the DW. Also, and as is usually the case with SC



generation in the anomalous pumping regime, a soliton order less than N=10 calculated at the DF-DDF input ensures
high coherence and stability, larger input values yielding good stability only for very large values D..
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Fig. 6. Results showing evolution in DF-DDF of pulses?¥ with () 1 ps duration and 150 W peak power and (b) 1 ps
duration and 1.2 kW pesk power. The top figures present results from 20 simulations showing the output spectra
(bottom curves, |eft axis) and corresponding degree of coherence (top curve, right axis). For the spectral plots, the gray
curves show theindividua spectra from the ensemble while the solid line shows the calculated mean, although the
difference is apparent only in the wings of the spectra. The bottom curves in each case show the evolution of the
soliton number N(z) with propagation for distances less than L,,.

A significant potential application of the flattened SC spectra generated in DF-DDF isin the field of pulse compression.
The initial nonlinear evolution phase in DF-DDF has previously been studied in detail to directly yield a temporally
compressed pulse. In this case, the compressed pulse is accompanied by a very broad low amplitude pedestal spanning
over severa picoseconds. The extension of the initial propagation into the SC generation regime is expected to yield
vastly improved compressed pulse quality. Indeed, although the output temporal pulse in this case is complex and could
not be exploited directly, the high coherence across the spectrum would, however, be expected to lead to very high
quality compressed pul ses after appropriate spectral phase compensation!®>%%.

We note that the dispersion parameters used in the simulations presented in this section are within the realistic range of
what might be expected with recent advances in dispersion-flattened and PCF technology around 1550 nm. Comparable
work has also explored the development of PCF with dual ZDWs centered around 1 um so that exploring tapered PCF
design in this wavelength range could provide further possibilities for coherent SC generation for longer pulses with
Yb* based sources. When considering tapered PCF, however, the ideal dynamics described above may be modified by
the variation in effective area along the propagation direction®®,

3. SUPERCONTINUUM GENERATION WITH INPUT MODULATION

Studies in the femtosecond regime have shown how the generated SC spectra can be controlled by varying the input
conditions in a more sophisticated manner, using chirped input pulses to modify the propagation dynamics, using dual
frequency femtosecond pumping to induce cascaded four wave mixing, or using femtosecond envelope modulation to



influence the Raman soliton noise properties. In the long-pulse long pulse regime, modified initial conditions can also
significantly influence the output SC characteristics and stability. For example, Solli et al. numerically demonstrated a
correlation between rogue soliton pulse height and a low-amplitude low amplitude localized noise burst on the leading
edge of the picosecond pump pulses. This idea was extended in Ref. 15, where numerical simulations were again used to
show that modified rogue soliton statistics could be observed using a 4% intensity modulation across the full extent of
the pulse envelope. Furthermore, s recent eprint by Solli et al. has reported significant experimental results, showing that
seed modulation of SC generation at the -30 dB level can also introduce an effective phase transition in the SC stability.
The dramatic effects of these modified input conditions illustrate the sensitivity of the initial M| propagation phase of
long-pulse long pulse SC generation to coherent input modulation. Another study has examined the potential parameter
space of input modulation more extensively, focussing on how both the SC spectral intensity and stability are modified
as functions a function of the modulation parameters. A major result was the discovery that certain modulation
parameters yield stabilized stabilized spectra with Raman soliton peak power statistics transformed from an “L-shaped”
extreme-value distribution to a near-Gaussian near-gaussian distribution with significantly reduced peak power
fluctuations below 5%.

Here, we use physical arguments and numerical simulations to examine in detail the degree to which stability of the
output SC spectra can be modified through a suitable input pulse modulation. Our major result is that the use of
relatively large modulation strength on the input pulse can lead to a very high degree of coherence of the generated
supercontinuum provided the modulation frequency and fiber length are chosen adequately. Although the use of such
strongly modulated fields has been applied in previous studies of beat signal reshaping and induced modulation
instability, the results here are the first that examine applications in supercontinuum spectral shaping and stability. This
technique could have high impact in the spectral stabilization and control of SC generation in the long pump pulse
regime.

3.1 Physical guidelines

A temporal modulation isimposed across the entire pump pulse envelope in a standard way by adding to the input field a
replica downshifted by f,, such that the total field can be written Ay(t)= A(O,t) x [1+agexp(i2nf.t)]. Here A(0,H)=VP,
exp(-2 In 2 t/Tawnn?) is the envelope of the original pump pulse with peak power Py and duration Tawnu. The intensity
modulation contrast (visibility) is given by 2ay/(1+ay). Thistype of dual frequency field can be readily generated using
optical frequency shifting techniques.

In the presence of significant modulation contrast, the input pulse can be considered as a series of ultrashort sub-pulses
of duration T~1/2f,, superimposed onto a broad lower amplitude background envelope. Under these conditions, the
supercontinuum spectral broadening is dominated by the dynamics of these ultrashort sub-pulses, with only a minor
contribution from the background envelope. We consider the case of pumping in the anomalous dispersion regime. To
determine conditions on the modulation characteristics associated with coherent SC generation, we adapt previoudly-
developed criteria in the single pulse regime to the individual sub-pulses of the modulated envelope. In particular, if we
consider the central sub-pulse of peak-to-background amplitude P,=4a,P,, and soliton order N; = (¥ PTi/|3])"* we can
expect coherent SC seeded by this sub-pulse provided N; < N where N, ~10 generaly ensures coherent SC. This
condition, which applies for the case of anomalous dispersion regime pumping, can be recast into a more useful formin
terms of the initial modulation frequency

f Zﬂl

TFWHM Ncr , (2)

and by requiring that the propagation length is less than the fission length of the central sub-pulse, we can estimate a
useful guideline for the optimal fiber length
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In al of these results, N is the input soliton number of the unmodulated pulse and £ and » represent the dispersion and
nonlinearity at the pump wavelength. Although these results are based on the central sub-pulse parameters, of course
neighboring sub-pulses would be expected to themselves induce similar coherent SC generation, with their presence
manifested in the overall output spectrum in the form of spectral channeling at the frequency f,.

3.2 Numerical modelling

Although based on straightforward physical considerations, we have found using numerical simulations that the
guidelines above accurately predict conditions coherent SC generation in the long pulse regime using picosecond pulses.
Specifically, we consider the propagation of Gaussian 2 ps, 6 kW peak power pulses at 1060 nm in a photonic crystal
fiber with a zero-dispersion wavelength at 1025 nm. The dispersion coefficients at the 1060 nm pump wavelength are:
Bo=—4.10 pskm™, $:=6.87x 1072 ps’km?, B=— 9.29x 1072 ps*km™, S5 =245 x 107" p km™, 5 = -9.79 x 100 &
km™, B;,=3.95x 102 ps'km?, = -1.12x10* pskm ™, iy = 1.90x107 ps’km™, By = -1.51x 10 2° pskm™. The
nonlinear coefficient is 7=0.015 W m™ and 74,,4=0.66 fs. The input pulse parameters correspond to a soliton number N
= 177 and under these conditions, one would expect strongly incoherent SC generation seeded by initial modulation
instability dynamics. To model SC generation we use the same generalized nonlinear Schrédinger equation as in Section
2. We carry out multiple simulations using different noise seeds in order to determine average spectral characteristics and
coherence properties.

Figure 7 illustrates the spectral and coherence characteristics of the generated SC after 20 cm in the absence of
modulation on the input pulse yet in the presence of quantum noise. Clearly, the noise-seeded Ml initial dynamics leads
to a SC with large spectral variations from shot-to-shot and poor stability. The apparent smoothness is simply caused by
the average over multiple shots.

Fig. 7 Top: coherence and bottom: averaged SC spectrum generated in the unmodulated case.

We next impose a modulation on top of the input pulse with a;=0.15 which ensures that the central sub-pulse
contribution to the SC spectrum is significant. This value of a; gives a minimum vaue of 3.5 THz for the modulation
frequency for coherent SC generation. We choose f,=5 THz and a fiber length L=12 cm. Figure 8 shows the SC
spectrum and associated coherence when the input pulse is modul ated with the above characteristics. In comparison with
the unmodulated pump case the SC spectrum exhibits a dramatic increase in coherence even though the overall
bandwidth is comparable. Thisresult is remarkable for the pulse duration and level of peak power envisaged here and to
our knowledge represents the first example of how coherent SC can be generated in such a long pulse regime.
Additional numerical simulations show that the SC coherence remains high across the SC bandwidth for longer fiber



lengths exceeding several times the minimum value of 12 cm considered here. In general, we find that increasing a,
improves further the stability which is expected as larger modulation contrast reduces the influence of the broad temporal
background and is closer to the ideal case of atrain of individual short pulses.
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Fig. 8 Top: coherence and bottom: averaged SC spectrum generated when the input pulse is modul ated.

4. CONCLUSIONS

We have investigated the possibility of generating broadband supercontinuum with high degree of coherence in the long
pulse regime. Specifically, we have investigated the possibility of using fibers with a longitudinally-varying convex
dispersion profile that allows to generate octave-spanning and relative flat supercontinuum spectra through efficient
higher-order soliton compression and dispersive wave generation. Furthermore, we have shown that imposing an initial
modulation with appropriate characteristics on top of the broad pulse can lead to a fully coherent continuum which isin
marked contrast with incoherent spectra generated by unmodulated pulses. In fact, the recipes given here for the
generation of coherent SC in the long pulse regime are rather general and can be further applied to even much longer
initial pulse duration. These findings could help solving the long-standing problem of coherent SC generation in the
long pulse regime.
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