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Abstract: Numerical modelling and study has been conducted of the specific properties of
super-continuum generation in tapered and cobweb fibers for different pump pulse lengths.
For the first time the key role of the modulation instability in continuum formation has been
pointed out both for long (> 1 ps) and short (~100 fs) pump pulses.

1. Introduction

The effect of super-continuum (SC) generation which consists in significant widening of the pump radiation
spectrum upon passing through a non-linear medium was first observed in the end of sixties by Alfano and
Shapiro [1]. In recent years, this effect has been a topic of immense interest with many research groups in
connection to development of photonic crystal fibres and tapered fibres. Such fibres made possible SC
generation with spectrum width covering more than two octaves while using comparatively small powers of
pump radiation [2,3]. By the present moment, SC has found its applications in a number of fields important both
in scientific and in practical aspects. Among these fields one may mention specifically the optical frequency
metrology [4], optical tomography [5], and telecommunications [6]. Meanwhile, the SC generation effect itself
remains a subject of active studies aimed both at the research of different properties of SC radiation, SC
optimisation for various applications, and at identification and thorough understanding of mechanisms that are at
work in formation of wide radiation spectrum. In-depth studies of the role played by different effects in SC
generation exhibit a number of viewpoints, sometimes entirely at variance with each other. This is the case of the
stimulated Raman scattering (SRS) effect [7,8 vs. 9,10] and self phase modulation (SPM) effect [9,10 vs. 11,12].
Apart from this, predictions of the commonly used in a few recent years model of SC generation by soliton
fission give indications of certain discrepancies in comparison to experiment [10,13].

In the present work, the SC generation in micro-fibres pumped by multi-soliton pulses of different duration is
explored by numerical modelling. The modelling itself is based on the solution of generalised non-linear
Schrédinger equation (GNLSE) for pump pulses propagated through a quartz 2.2-um core surrounded by air.
This model is valid not only for tapered fibres, but also for photonic crystal fibres, and even more so for cobweb
fibers, in which the central quartz core is almost fully enclosed by air. [7]. Despite the fact that the dependence
of SC and its properties on the duration of the pump pulses has been discussed by a number of authors [12,13],
this present work to the best of our knowledge gives for the first time a comparative analysis of SC generation
specific features observed under short pulse (50-200 fs) and under long pulse (picosecond) pumping in the
abnormal dispersion domain of the fibre. In this analysis a single spectral broadening mechanism is assumed, the
modulation instability (MI) that arises from the noise in case of long pumping pulses, whereas in case of short
pump pulses it is generated by SPM and compression of multi-soliton pulses. The present report discusses for the
first time the MI mechanism as the primary one for SC generation in spite of the fact that Ml initiated by SPM
has been long known [14]. Suggested in this work approach to spectral broadening of SC as mainly caused by
MI allows in particular to better understand the results of comparative study of SC coherent properties exhibited
when pumped with pulses of different duration [12,13].

2. Numerical model

For numerical modelling of the SC generation effect in the present work the authors use GNLSE [15]:
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where A(z, t) - electric field envelope, , 5 — dispersion coefficients at the pump frequency ey, and y =
n,an/(AeC) — non-linear coefficient, where n, = 3.2x10%° m?W — non-linear refractive index of quartz and A —
effective cross-section of the fundamental mode. The kernel R(t) of the integral operator for non-linear response
of the medium was taken from experiments referenced in [16]; it contains both electronic and vibrational
(Raman) components. Equation (1) was derived without resorting to approximation of slowly varying
amplitudes; in the process of reduction the assumption of the fundamental mode only propagated through the
fibre was used, the latter assumption being based on the axial symmetry of the experimentally observed by us
transverse distribution of the radiation at the output from the fibre. Expansion of the dispersion operator into the
Taylor series in frequency was carried out to the highest term with kya = 5. The second item in the right-hand
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side of equation (1) is responsible for a number of non-linear optical effects such as SPM, MlI, SRS, four-wave
mixing (FWM), seIf steepening and shock formation [15].
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3. Simulation results and discussion

In Fig. 1, the calculated spectra (left) and continuum intensity dependence on the time (right) are given for
pump pulses of duration T, = 100 fs and 2 ps, after propagation through various lengths of the micro-fibre. The
corresponding values for duration are shown on top of the spectra and to the left of the I(t) plots; pulse travel
distance z is specified in each plot. The spectra are plotted in a log scale on the power axis, the time axes being
linear. Peak power of the pumping pulses is taken 10 kW, wavelength is 800 nm (corresponds to the frequency
375 THz), the wavelength of the zero dispersion in the micro-fibre is around 740 nm.

For 2-ps pump pulses, SC generation sets in with noise amplification (or with amplification of pump pulse
wings as is the case in our study) because of MI. In the process, on both sides of the pump line two new spectral
lines are generated (Fig. 1, To = 2 ps, z = 5 cm). As the pulse travels further down the fibre (z = 6 cm) these lines
grow stronger and other lines emerge, perhaps prompted by FWM effect. The whole spectrum demonstrated a
certain asymmetry: peaks in the domain of frequencies higher than that of the pump pulse rise higher than those
in the low-frequency domain. Following the fibre further, at z = 7 c¢m, radiation intensity starts growing in
between the emerged peaks so that finally these peaks blend into a single continuum spectrum. This blending
process can be also attributed to MI: by z = 6 cm, an instability in the pump pulse develops (see the I(t) plots in
Fig. 1) so that the peak power value grows higher by half and by z = 7 cm it grows fourfold. Qualitatively it must
lead to a shift combined with broadening of the gain line, this effect giving rise to the growth of spectral
components located in gaps between generated peaks. Broadening of individual lines because of SPM does not
play a significant part here since it occurs much slower as compared to the exponential development of
instability. A somewhat different situation takes place in case of short (T, = 100 fs) pumping pulses. Widening of
the pump spectrum because of SPM (compression of multi-soliton pump pulses) happens by a factor of 20 faster



than for 2-ps pulses, so that by reaching z = 1 cm the spectrum starts bridging gaps between gain lines formed by
MI. This results in rapid (within several millimetres of fibre between z = 1 cm and 1.5 cm) development of Ml,
which in this case springs not from the noise, but rather from the pump pulse itself broadened by SPM. The
width of the ultimately generated spectrum is approximately the same as that observed under Tq = 2 ps. In the
temporal representation, the SC generation is not characterized in this case by emerging oscillations with
growing amplitude on the background of virtually unchanged shape of the pump pulse as it happens under long
(2-ps) pump pulses. Now it is typical to observe strong non-linear compression (which is directly related to the
spectrum broadening) and subsequent fast decay.

3. Conclusion

In the framework of this approach to SC generation mechanisms, it becomes evident why there is a
contradiction between the calculated in [12] higher degree of SC coherence for short pulses and experimental
data from [13]. This comes from the fact that in [12] quantum noise only was taken into consideration, whereas
pulses themselves were assumed stable. Since with short pulses SC develops from the spectrum of the pump
pulse itself broadened by SPM, noise does not play a major role and the degree of coherence obtained in
calculations is close to unity. When pulse duration is increased the length of fibre necessary for generation of a
spectrum with specific width because of SPM grows accordingly, hence more noise amplification through Mi
takes place, which naturally leads to reduction of the coherence degree of the generated SC. From this discussion
it follows that for a valid description of experimental results the model must take into account, apart from the
quantum noise, also fluctuations of the parameters of pump pulses (for instance, its energy). When answering the
practically important question, whether it is short or long pump pulses that result in a cleaner continuum with
less noise, one must take into account a certain relation between quantum noise and fluctuations of the pumping
pulse parameters.

References

1. R.R. Alfano, S.L. Shapiro, “Observation of self-phase modulation and small-scale filaments in crystals and glasses,” Phys.
Rev. Lett. 24, 592-594 (1970)

2. J.K. Ranka, R.S. Windeler, A.J. Stenz, “Visible continuum generation in air-silica microstructure optical fibers with
anomalous dispersion at 800 nm,” Opt. Lett. 25, 25-27 (2000)

3. T.A. Birks, W.J. Wadsworth, P.St.J. Russell, “Supercontinuum generation in tapered fibers,” Opt. Lett. 25, 1415-1417
(2000)

4. D.J. Jones, S.A. Diddams, J.K. Ranka, A. Stentz, R.S. Windeler, J.L. Hall, S.T. Cundiff, “Carrier-Envelope Phase Control
of Femtosecond Mode-Locked Lasers and Direct Optical Frequency Synthesis,” Sc. 288, 635-639 (2000)

5. I. Hartl, X.D. Li, C. Chudoba, R.K. Ghanta, T.H. Ko, J.G. Fujimoto, “Ultrahigh-resolution optical coherence tomography
using continuum generation in an air-silica microstructure optical fiber,” Opt. Lett. 26, 608-610 (2001)

6. O. Boyraz, J. Kim, M.N. Islam, F. Coppinger, B. Jalali, “10 Gb/s Multiple Wavelength, Coherent Short Pulse Source
Based on Spectral Carving of Supercontinuum Generated in Fibers,” J. Lightw. Tech. 18, 2167-2175 (2000)

7. W.J. Wadsworth, A. Ortigosa-Blanch, J.C. Knight, T.A. Birks, T.-P.M. Man, P.St.J. Russell, “Supercontinuum generation
in photonic crystal fibers and optical fiber tapers: a novel light source,” J. Opt. Soc. Am. B 19, 2148-2155 (2002)

8. G. Genty, M. Lehtonen, H. Ludvigsen, J. Broeng, M. Kaivola, “Spectral broadening of femtosecond pulses into continuum
radiation in microstructured fibers,” Opt. Expr. 10, 1083-1098 (2002)

9. A.V. Husakou, J. Herrmann, “Supercontinuum Generation of Higher-Order Solitons by Fission in Photonic Crystal
Fibers”, Phys. Rev. Lett. 87, 203901-1-4 (2001)

10. J. Herrmann, U. Griebner, N. Zhavoronkov, A. Husakou, D. Nickel, J.C. Knight, W.J. Wadsworth, P.St.J. Russell, G.
Korn, “Experimental Evidence for Supercontinuum Generation by Fission of Higher-Order Solitons in Photonic Fibers,”
Phys. Rev. Lett. 88, 173901-1-4 (2002)

11. J.M. Dudley, L. Provino, N. Grossard, H. Maillotte, R.S. Windeler, B.J. Eggleton, S. Coen, “Supercontinuum generation
in air-silica microstructured fibers with nanosecond and femtosecond pulse pumping,” J. Opt. Soc. Am. B 19, 765-771 (2002)
12. J.M. Dudley, S. Coen, “Coherence properties of supercontinuum spectra generated in photonic crystal and tapered optical
fibers,” Opt. Lett. 27, 1180-1182 (2002)

13. A. Apolonski, B. Povazay, A. Unterhuber, W. Drexler, W.J. Wadsworth, J.C. Knight, P.St.J. Russell, “Spectral shaping of
supercontinuum in a cobweb photonic-crystal fiber with sub-20-fs pulses,” J. Opt. Soc. Am. B 19, 2165-2170 (2002)

14. G.P. Agrawal “Modulation instability” in Nonlinear fiber optics, Academic Press, 2001

15. G.P. Agrawal “Pulse propagation equation” in Nonlinear fiber optics, Academic Press, 2001

16. K.J. Blow, D. Wood, “Theoretical description of transient stimulated Raman scattering in optical fibers,” J. Quant. El. 25,
2665-2673 (1989)



