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Abstract We report experimental and numerical results
on the new pulse dynamics in a passively mode-locked
ytterbium-doped fiber laser operating in the chirped-pulse
regime. Due to the negligible nonlinearity of added highly-
positive GVD segment in the purely-normal-dispersion re-
gime, highly-positive chirped pulses can be formed through
weak intra-cavity temporal and spectral breathing. Numeri-
cal simulations reveal intra-cavity pulse evolution with local
temporal stretching phenomena and pulse shaping proper-
ties.
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Passively mode-locked laser systems are attractive scientific
platforms to generate ultra-short pulses as a versatile tool
for many applications [1] and to study dissipative nonlin-
ear optical phenomena where the nonlinear dynamics of the
optical field is primarily governed by its energy exchange
with environment [2]. The dispersion issue in fiber-based
mode-locked lasers plays an important role on pulse shaping
and different pulse dynamics have been reported in various
regimes of operation with a wide variety of pulse shapes.
The fundamental soliton (sech2) transform-limited pulses
in the purely-anomalous group velocity dispersion (GVD)
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fiber have been generated [3]. The dispersion-managed soli-
ton regime operating in the anomalous net-cavity disper-
sion presents similar spectral and temporal pulse shape
with weak temporal and spectral breathing inside the res-
onator [4]. Approaching the zero net-cavity dispersion, the
stretched-pulse regime is observed and the Gaussian-shaped
pulse width experiences relatively large variations per cav-
ity round trip [5]. In the normal-dispersion regime, the
monotonic frequency chirp evolution of the pulse is obtained
by suppressing wave-breaking phenomena in the normal
GVD cavity segment [6] and in a special case of this regime,
the so-called similarition laser, and the output pulses are lin-
early chirped with a parabolic temporal intensity profile [7].
Ultra-short pulse generation has been recently realized in the
purely-normal-dispersion regime. The spectral filtering is
applied to enhanced self-amplitude modulation and a higher
tolerance of accumulated nonlinear phase shifts has been
obtained [8]. The implementation of low nonlinearity fiber
designs has been demonstrated as a further regime in an all-
normal configuration with a real saturable absorber and non-
linear effects are significantly reduced; the self-consistency
could be achieved by gain filtering and nonlinear absorb-
ing mechanisms with very low intra-cavity pulse breathing
[9]. A novel scheme has been developed by incorporating a
large positive GVD segment with negligible nonlinearity in
the purely-normal-dispersion laser configuration [10]. The
main difference from the fiber-based system to bulk-based
counterparts [11] arises, being that the stable mode-locking
operation is demonstrated with a considerably larger amount
of linear GVD cavity element in the chirped-pulse fiber os-
cillator concept.

In this Letter, we report on a new nonlinear optical dis-
sipative system in the form of a mode-locked fiber laser op-
erating in a highly-positive dispersion regime. A segment
possessing a large amount of positive GVD and negligible
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Fig. 1 Schematic representation of the passively mode-locked Yb-doped all-polarization-maintaining chirped-pulse fiber laser

nonlinearity is added to an all-normal mode-locked fiber
laser. A new pulse dynamics is demonstrated experimentally
and numerically for the first time, which on average gen-
erates longer positively-chirped pulses. The pulse evolution
is characterized by weak intra-cavity temporal and spectral
breathing with local temporal stretching phenomena.

The experimental setup of the passively mode-locked
chirped-pulse fiber laser is illustrated in Fig. 1. All-fiber
components are based on the polarization-maintaining
single-clad concept. A section of 30 cm highly ytterbium-
doped fiber is spliced between different lengths of passive
fibers (SMF1 = 1.2 m and SMF2 = 0.5 m). One of the key
elements in this cavity is the CFBG providing positive dis-
persion together with negligible nonlinearity. The disper-
sion and the peak reflectivity of CFBG have been mea-
sured to be 0.19 ps2 (66% of total-cavity dispersion) and
27% with Gaussian-like spectral bandwidth of 16 nm, re-
spectively. Several attractive properties of the CFBG can be
employed as a highly-positive dispersive element to stretch
the pulse during its propagation and an output coupler (out-
put 1) to study the laser operation. Passive mode-locking is
achieved by using a saturable absorber mirror (SAM) simi-
lar to that employed in [10]. To study intra-cavity pulse dy-
namics and to select the single-polarization propagation in
this laser configuration additional fiber-based coupler (out-
put 2) is inserted. The SAM and fiber-based output coupler
are placed at the end of the linear cavity.

The self-starting and stable mode-locked operation is ob-
tained by optimizing the saturation threshold on the SAM
for an adequate launched pump power. We investigate the
intra-cavity pulse evolution in this configuration and the ex-
perimental results obtained at the two output ports are sum-
marized in Fig. 2. The optical spectrum, shown in Fig. 2(a),
obtained for a pump power of 155 mW, possesses the same
characteristics: steep spectral edges. The central wavelength
is 1033.5 nm and the 10-dB and 3-dB bandwidths of the
optical spectra at the output 1 (and output 2) are 2.4 nm
(2.45 nm) and 1.79 nm (2.05 nm), respectively. The asym-
metric spectral behavior can be attributed, at first, to the fi-
nite temporal response of the SAM [12] and Bragg reflector
of SAM, gain dynamic and transmission properties of fiber-
based cavity element (CFBG and coupler). An additional

residual low frequency intensity modulation appears in the
optical spectrum, which is very different than that reported
in [6] where the presence of a high frequency intensity mod-
ulation is attributed to interference effects by polarization
mode mixing and intra-cavity splice issues.

The autocorrelation traces obtained directly at the laser
outputs are shown in Fig. 2(b). The positively chirped out-
put pulses are well fitted with a Gaussian shape with pulse
durations of 21.8 ps and 19 ps. These pulses are externally
compressed by a linear process outside the cavity (not shown
in Fig. 1). The autocorrelation traces of the externally com-
pressed pulse at both outputs are present with the same width
of 2.1 ps (FWHM), which corresponds to a pulse duration of
1.37 ps. The transform-limited pulse duration is calculated
to be 1.11 ps, which indicates that the pulses can be com-
pressed down to near transform-limited pulse duration. The
anomalous dispersion necessary for the compression of the
chirped output pulses at the two output ports by the grating
pair is more than −7.7 ps2. This indicates that the laser gen-
erates highly-positive chirped output pulses. We measured
the average output powers of 33 mW and 3 mW at output 1
and 2, which corresponds to an energy per pulse of 750 pJ
and 68 pJ.

We have experimentally presented the main properties of
pulse evolution at the two different output ports. In order
to obtain a better understanding of the pulse generation and
the intra-cavity evolution of the highly chirped pulses in the
above-reported laser configuration the laser has been stud-
ied numerically. Due to the single-polarization state prop-
agation inside the cavity, the simple scalar numerical sim-
ulation based on a non-distributed model solving all parts
described by one nonlinear Schrödinger equation is investi-
gated [13]. In the simulation the parameters for the cavity el-
ements match those of the experimental setup. This includes
the action of the output coupling, the saturable absorber, the
active and passive fibers and an additional positive GVD
segment with negligible nonlinearity and Gaussian-shaped
spectral filter profile. The absorption in the semiconductor
was described by the rate equation model [14]. The satura-
tion energy due to the limited pumping is set in the model
in such a way that the extracted energy is similar to that
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Fig. 2 Results of experimentally measured optical spectrum (a) and autocorrelation trace of chirped pulses (b) from the fiber oscillator compared
to numerical simulations (c–d). Solid line: output port 1, open circle: output port 2

obtained in the experiments. The exact stable solution, ob-
tained using quantum noise as the initial condition, is com-
pared with the experimental results. Figure 2 also shows the
spectral and temporal results of the numerical simulations
obtained at the two output ports. One can clearly see that
the pulse shows a steeply edged spectral profile as mea-
sured experimentally, as can be seen in Fig. 2(c) at both
outputs. The spectral bandwidths at the output ports 1 and
2 are about 2.55 nm and 2.53 nm. The simulated pulse dura-
tions at both output ports are present with the pulse widths
of 18.5 ps and 17.8 ps, and the pulse profiles are also best fit-
ted with a Gaussian temporal intensity profile. However, in
the chirped-pulse fiber laser presented here, the linear chirp
is dominant in the numerical solution and recompression of
the pulses close to the transform-limit is possible. The simu-
lated pulse energy, duration, profile and spectral shape with
bandwidth present very good agreement with experimental
results.

It is therefore of great importance to understand better the
physical mechanisms of pulse formation and evolution. To
gain insight into the intra-cavity pulse evolution, the spec-
tral and temporal characteristics of one cavity round-trip of
the pulse (stable solution after convergence) are shown in
Fig. 3. As discussed above, we obtained positively chirped

Fig. 3 Simulation of the intra-cavity pulse evolution of the
mode-locked chirped-pulse fiber laser in the temporal and spectral do-
main. OC: Output coupling

output pulses at both output ports. It should be mentioned
that there is no negative GVD element implemented intra-
cavity and the pulses are always positively chirped inside the
cavity. The pulse duration increases monotonically within
the gain fiber and passive fibers. For the first time, we ob-
serve the local pulse stretching phenomena in the CFBG seg-
ment. The total pulse shortening effect occurs in the SAM
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segment by the nonlinear absorbing mechanism. In the spec-
tral domain, spectral broadening via self-amplitude modu-
lation (SPM) can be observed during propagation through
the fiber. An additional pulse shaping mechanism by spec-
tral filtering is caused by the reflectivity properties of the
CFBG, however, according to the simulation; this filtering
is not needed for self-consistency. The main spectral short-
ening effect occurred in the SAM segment. In addition, the
simulation shows that spectral shaping by the gain profile
is present even at that narrow spectral bandwidth. Finally,
self-consistency could be achieved by the balance between
the SAM nonlinearity, CFBG properties and the nonlinearity
into the gain and passive fibers. With these experimental and
numerical results we can conclude that the pulse dynamics
in the new regime reveals weak intra-cavity temporal and
spectral breathing leading to on average longer positively
chirped pulses and output spectra and pulse profile present
similar shapes at two opposite output ports.

In conclusion, we have demonstrated intra-cavity pulse
dynamic investigations of passively mode-locked environ-
mentally-stable Yb-doped fiber laser operating in the chirped-
pulse regime. Detailed experimental and numerical studies
of the main properties of the pulse shaping mechanism are
presented. A highly-positive GVD negligible nonlinearity
segment is implemented in the all-normal fiber laser concept
and the local temporal stretching phenomena is observed
during the intra-cavity propagation. The additional pulse
shaping element is provided by using the reflectivity proper-
ties of the same element, i.e. the CFBG. The chirped-pulse
mode-locked fiber laser generates highly-positively-chirped
pulses with very weak intra-cavity temporal and spectral
changes, and consequently, on average longer pulses and
lower peak powers. A new design of mode-locked fiber laser
systems is revealed. The interesting feature of the presented
approach is that the limitations induced by the nonlinear

effects could be reduced by scaling down the peak inten-
sity inside the fiber core by stretching the pulse during the
intra-cavity propagation leading to the possibility of energy
scaling [15].

Acknowledgements This work was partly supported by the German
Federal Ministry of Education and Research (BMBF) under contract
13N8721 as well as the support by the Deutsche Forschungsgemein-
schaft (Research Group “Nonlinear spatial-temporal dynamics in dis-
sipative and discrete optical systems”, FG 532).

References

1. M.E. Fermann, A. Galvanauskas, G. Sucha, Ultrafast Lasers
(Dekker, New York, 2002)

2. N. Akhmediev, A. Ankiewicz, Dissipative Solitons (Springer,
Berlin, 2005)

3. I.N. Duling, III, Opt. Lett. 16, 539 (1991)
4. B. Ortaç, J. Limpert, A. Tünnermann, Opt. Lett. 32, 2149 (2007)
5. K. Tamura, E.P. Ippen, H.A. Haus, Appl. Phys. Lett. 67, 158

(1995)
6. B. Ortaç, M. Plötner, J. Limpert, A. Tünnermann, Opt. Express

15, 16794 (2007)
7. F.Ö. Ilday, J. Buckley, W. Clark, F.W. Wise, Phys. Rev. Lett. 91,

213902 (2004)
8. A. Chong, W.H. Renninger, F.W. Wise, Opt. Lett. 32, 2408 (2007)
9. B. Ortaç, O. Schmidt, T. Schreiber, J. Limpert, A. Tünnermann,

A. Hideur, Opt. Express 15, 10725 (2007)
10. B. Ortaç, M. Plötner, J. Limpert, A. Tünnermann, Opt. Express

15, 16794 (2007)
11. S. Naumov, A. Fernandez, R. Graf, P. Dombi, K. Krausz, A.

Apolonski, New J. Phys. 7, 216 (2005)
12. A. Cabasse, B. Ortaç, G. Martel, A. Hideur, J. Limpert, Opt. Ex-

press 16, 19322 (2008)
13. T. Schreiber, B. Ortaç, J. Limpert, A. Tünnermann, Opt. Express

15, 8252 (2007)
14. N. Akhmediev, A. Ankiewicz, M.J. Lederer, B. Luther-Davies,

Opt. Lett. 23, 280 (1998)
15. M. Baumgartl, B. Ortaç, J. Limpert, A. Tünnermann, in OSA Top-

ical Meeting on Advanced Solid-State Photonics (ASSP 2009), pa-
per TuB3


	Pulse dynamics in a passively mode-locked chirped-pulse fiber laser
	Abstract
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


