
Weierstra�-Institutf�ur Angewandte Analysis und Stohastikim Forshungsverbund Berlin e.V.Preprint ISSN 0946 { 8633
Limit for Pulse Compression by Pulse SplittingAyhan Demiran1, Uwe Bandelow;1submitted: 20 Juli 20061 Weierstrass Institutefor Applied Analysis and StohastisMohrenstra�e 3910117 Berlin, GermanyE-Mail: demiran�wias-berlin.debandelow�wias-berlin.de

No. 1153Berlin 2006
W I A S

2000 Mathematis Subjet Classi�ation. 35Q55,35Q60,78A60.Key words and phrases. Nonlinear Shr�odinger Equation, Optial Fiber, Pulse Compression.This work was supported by the state Berlin and the EU under the Grant TOB B1-1911.



Edited byWeierstra�-Institut f�ur Angewandte Analysis und Stohastik (WIAS)Mohrenstra�e 3910117 BerlinGermanyFax: + 49 30 2044975E-Mail: preprint�wias-berlin.deWorld Wide Web: http://www.wias-berlin.de/



AbstratWe have deteted a fundamental pulse-ompression limit for high-nonlinear�bers in the normal dispersion regime near the zero-dispersion wavelength.The desired generation of a broadband ontinuum by self-phase modulationis limited by already small amounts of third-order dispersion, whih results inpulse splitting above a ritial pulse power. We investigate the ritial �berlength in dependene on pulse- and �ber parameters.1 IntrodutionFor typial semiondutor laser based pulse soures are still limited to approximately1 ps in duration, an external ompression sheme must be employed to generatefemtoseond optial pulse trains with GHz repetition rate [1℄. An e�etive methodfor pulse ompression is the pulse evolution in a high-nonlinear �ber with normalgroup-veloity dispersion (GVD) followed by an anomalous dispersive medium [2℄.The key step in this tehnique is to take advantage of the wider bandwidth generatedby self-phase modulation (SPM) whih enables support for shorter pulses. Thisbandwidth an be muh enhaned lose to the zero-dispersion wavelength (ZDW),where �2 is small, but with the drawbak, that in partiular third-order dispersion(TOD) gains inuene. We show that even a small amount of TOD an lead to apulse break-up above a ertain pulse power, whih represents a fundamental limitto this ompression tehnique.2 Numerial modelingWe have simulated the pulse ompression by numerially solving the generalizednonlinear Shr�odinger equation (GNLSE) for the slowly varying omplex envelopeA(z; �) of a pulse:�A�z = � i2�2�2A�� 2 + 16�3�3A�� 3 � �2A+ ijAj2A (1)The linear terms on the right-hand side represent the GVD, namely seond-order(SOD), and third-order (TOD) dispersion, and the attenuation due to the �ber loss�: The nonlinear term represents the SPM. For the numerial solution of Eq. (1) weuse a standard de-aliased pseudo-spetral method. The integration is performed byan eighth-order Runge-Kutta integration sheme using adaptive stepsize ontrol [3℄.1



3 Pulse ompressionAording to the ompression sheme in [4℄, a pulse with an initial envelopeA(0; t) = qP0seh(t=T0) (2)propagates through a high-nonlinear �ber (HNLF) near the ZDW in the normaldispersion regime (�2 small, but positive) and gets spetrally broadened and hirped.Afterwards, the hirped pulse is launhed into a standard single mode �ber (SMF)for a subsequent reombination of its frequeny omponents whih leads to thedesired ompression.The eÆieny of the ompression sheme is determined by the input pulse parame-ters and by the propagation through the HNLF. At the leading edge of the pulse, theSPM auses a red shift. The trailing edge of the pulse experienes a orrespondingblue shift. The GVD tends to derease the spetral width and in turn inreases thetemporal width of the pulse. The ondition for optimum pulse ompression was de-termined theoretially in [2℄. There, the two important �ber parameters determiningthe performane of a �ber ompressor are the nonlinear length LNL = 1=(P0) andthe dispersion length LD = T 20 =j�2j. The optimum ompression fator F = T0=T,where T is the width of the ompressed pulse, was found to be [2℄F = 0:63s LDLNL = 0:63T0sP0j�2j : (3)Aording to (3) high ompression fators an be reahed by using a high nonlin-earity P0 and small j�2j, i.e. by operating near the ZDW. However, in pratie this
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Figure 1: Pulse shapes after the HNLF (dashed) and in the dispersion ompensatingSMF (full lines). a) above rtitial power for optial wave-breaking, whih is visibleby the osillations at the steep edges of the pulse. b) moderate power, no optialwave-breaking ours.ompression sheme is limited by the optial wave-breaking whih ours for high2



input powers and long propagation distanes, and whih we illustrate in Fig. 1a)for an overritial pulse power. Due to the dominating SPM inreasingly frequenyomponents are generated, whih ause the retangular shape of the pulse after theHNLF. In turn, the steep edges at the leading and trailing part of the pulse leadto optial wave breaking, whih then redues the spetral broadening. After theonset of optial wavebreaking the pulses an still be ompressed, see Fig. 1a), butthe generation of even shorter pulses is prevented. Other e�ets will our, whihare not of interest here.We will from now restrit to powers below the ritial value for optial wavebreaking,where pulse ompression should work properly as drawn in Fig. 1b). However, inthis regime the �rst relevant higher-order e�et is TOD, espeially evoated for smallj�2j, whih in turn an also degrade the optimal ompression ratio, as we will shownow.4 Pulse SplittingWe study now the impat of TOD on our pulse ompression sheme by a prati-al example. A seh-pulse with T0 = 2:1ps is launhed into the HNLF with �2 =
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Figure 2: Nearly ideal ompression for a pulse with Pav = 20 dBm and T0 = 2:1 ps.a) spetrum, mainly determined by SPM. b) temporal shape. Higher-order termsare unimportant and the ompression is lose to the optimum (dashed).0:13ps2=km, lose to the zero dispersion wavelength (ZDW), entered at � = 1555nm. The �ber is 789 m long and has a nonlinear oeÆient of  = 10:5W�1km�1,with a �ber loss of 0:84 dB=km. Figs. (2),(3) show the alulated pulse shapes andspetra after the spetral broadening in the HNLF and the subsequent pulse om-pression in the SMF. 1 The pulses are ompared with the ideal ase, where TOD isexluded. For moderate power (Fig. 2) the struture of the resultant spetrum is1The length of the ompensation SMF was numerially optimized.3



mainly determined by SPM and shows the typial multi-peak struture harateris-tis. The ompression is lose to optimum, but already a small asymmetry induedby TOD an be observed, although unimportant. The ontribution of TOD appearswith inreasing bandwidth, ahieved by a further inrease of the power, .f. Fig. 3.The pulse shape then experienes an asymmetri temporal developement with anenhaned transfer of power from the trailing portion of the pulse to the leading one.Hene, a narrow peak forms at the front of the pulse whih would grow with furtherpropagation through the HNLF. At a ertain threshold (PIN = 23:75 dBm, Fig. 3),the evolution of the pulse hanges dramatially, beause SPM is no longer dominantfor the harateristis of the spetrum. The transmitted pulse in the HNLF exhibits

1520 1530 1540 1550 1560 1570 1580
Wavelength [nm]

-40

-20

0

In
te

n
si

ty
 [

a.
u

.]

P=23.75 dBm
a)

-8 -6 -4 -2 0 2 4 6 8
Time [ps]

0

4

8

12

16

20

24

In
te

n
si

ty
 [

W
]

HNLF x 4

ideal HNLF x 4 compressed pulse

ideal compression
b)

Figure 3: Pulse-breakup (Pav = 23:75 dBm). a) spetrum, with strong asymmetry tothe blue side and ompliated non-SPM harateristis. b) temporal shape. Inreaseof the peak intensity on the leading side and asymmetri splitting of the pulse. Fulllines: with TOD, dashed: without TOD.an asymmetri splitting and the injetion into the SMF leads not to the desiredompression behavior anymore, suh that from here the ompression sheme failsompletely. Further inrease of power auses pulse shapes with multiple sub-pulsesignature. Thus, this splitting represents a fundamental limit for pulse ompressionand suggests that operation below a ritial power is neessary for optimal ompres-sion. We notie here that this pulse splitting has been veri�ed also experimentallyin [4℄. The HNLF used in the experiments exhibits a strong impat of TOD at theZDW and has normal dispersion below �0 = 1555 nm, but has anomalous dispersionabove this wavelength. To exlude the impat of possible anomalous dispersion onthe pulse splitting we have numerially heked similar onstellations of �ber o-eÆients with ompletely normal dispersion over the whole spetral range, whihrevealed the same ompression limit behavior. Fig. 4 shows an example for pulsesplitting of a seh-pulse with T0 = 2:1ps and P0 = 10W for normal dispersion overthe whole wavelength range, whih we managed by swithing on a small �4.We have also investigated the dependene of the pulse splitting on the input param-eters. The pulse splitting depends on LNL and on the ratio LD=L0D(= j�3=�2j=T0),4
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Figure 4: Simulated initial seh-pulse propagating down a HNLF with normal dis-persion over the whole spetral range: �2 = 0:2ps2=km, �3 = 0:01ps3=km and�4 = 1:7 � 10�4ps4=km. Evolution of shape (left) and spetrum (right).where L0D = T 30 =j�3j is the dispersion length assoiated with TOD. This dependeneis illustrated in Fig. 5. For �xed ratio LD=L0D the ritial distane zr, where thepulse splitting sets in, is proportional to LNL, as shown in Fig. 5a). In Fig. 5b) thedependene of zr on the ratio LD=L0D for �xed LNL is shown. For example, for givendispersion �2 and �3 a derease of T0 leads to an inrease of the ratio LD=L0D andhene redues the ritial length. In turn the ritial peak power for pulse splittingdereases with a derease of the temporal width of the injeted pulse.5 ConlusionWe have analyzed the pulse-ompression sheme for high-nonlinear �bers in the nor-mal dispersion regime followed by anomalous dispersive single mode �bers. Afteron�ning to optial nonlinearities below the onset of hindering optial wavebreakingwe deteted another fundamental ompression limit near the zero-dispersion wave-length, whih is aused by third order dispersion (TOD). The desired generation of abroadband ontinuum by SPM is perturbated by already small TOD, whih resultsin pulse splitting above a ritial pulse power and whih an not be ompensatedafter its appearane. We showed, that the ritial length dereases with inreasingpulse power and dereasing pulse width, and dereases with inreasing ratio j�3=�2jas well.
5
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Figure 5: Critial distane zr, where the pulse splitting sets in, in dependene of a)the nonlinear length LNL for di�erent �xed ratio LD=L0D and b) in dependene ofLD=L0D for di�ferent LNL.Referenes[1℄ K. R. Tamura and M. Nakazawa, \54-fs, 10-GHz soliton generation froma polarization-maintaining dispersion-attened dispersion-dereasing �ber pulseompressor," Opt. Lett., vol. 26, no. 11, pp. 762{754, 2001.[2℄ W. J. Tomlinson, R. H. Stolen, and C. V. Shank, \Compression of optial pulseshirped by self-phase modulation in �bers," J. Opt. So. Am. B, vol. 1, no. 2, pp.139{149, 1984.[3℄ A. Demiran and U. Bandelow, \Superontinuum generation by the modulationinstability," Opt. Comm., vol. 244, no. 1-6, pp. 181{185, 2005.[4℄ A. Demiran, M. Kroh, U. Bandelow, B. H�uttl, and H. G. Weber,Compressionlimit by third-order dispersion in the normal dispersion regime,\WIAS-Preprint1108, submitted, 2006.
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