Extremely Widely Tunable (1.0-1.7 pm) Yb-doped Fiber Mode-Locked Laser
Source with ~100 fs Pulse Widths based on Raman Frequency Shift
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Abstract: A widely tunable (1.0-1.7um) femtosecond laser source based on Raman
induced frequency shift in a photonic crystal fiber pumped by a Yb-doped mode-locked
fiber laser is presented. The output pulses are ~100 fs wide with ~0.5 nJ pulse energy.

Cost effective, widely tunable, femtosecond laser sources are important for a variety of applications such as
optical communications, spectroscopy, and optical measurements. Raman self-frequency shift of optical
pulses in fibers is a technique commonly used to realize tunable femtosecond laser sources [1-3]. Till
recently, pulse frequency shifts of 100-300 nm had been demonstrated [1-3]. Recently, highly nonlinear
fibers have been used to extend the tunability of femtosecond pulses to cover the entire wavelength range
from 1.0 um to 1.7 um allowing for pulse tunability to cover an entire octave in frequency [4]. As pulses
propagate in a highly nonlinear fiber, the longer wavelength components of the pulse gain energy at the
cost of the shorter wavelengths via the Raman effect. If the input pulse energies and widths satisfy the
fundamental soliton condition, the pulses continuously shift towards longer wavelengths without breaking
up. However, if the input pulse widths and energies correspond to higher order solitons, the Raman
nonlinearity breaks the higher order solitons into spectrally and temporally separated fundamental solitons,
with each soliton undergoing Raman frequency shift independently [5].

In this paper we report on a widely tunable short-pulse laser source based on a Yb-doped mode-locked fiber
laser and a highly nonlinear photonic crystal fiber. We show that ~100 fs optical pulses tunable from 1.0
pm to 1.7 um and with pulse energies in the ~0.5 nJ range are possible. Even wider tunability is possible
provided fiber losses at longer wavelengths can be reduced. We used a 30 MHz amplified modelocked fiber
laser source [6]. The Yb-doped fiber amplifier provides up to 5 dB gain for the laser output pulses. The
laser and the amplifier are pumped by 976 nm diode lasers delivering optical powers up to 450 mW each.
The 4-5 ps wide amplified pulses are compressed by a grating pair pulse compressor to less than 200 fs.
The output of the compressor is launched into a photonic crystal fiber with zero dispersion wavelength of
~945 nm and nonlinear coefficient y of 23 W'km™ (at 1060 nm.) The group velocity dispersion of the
fiber (B,) is around -15 ps*/km at the launch wavelength. The output of the fiber is sent to an optical
spectrum analyzer and a second harmonic generation (SHG) autocorrelation.
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Figure 1. Diagram of the Yb-doped mode-locked fiber laser, amplifier, compressor and the photonic
crystal fiber (PCF).

Fig. 2 shows the output spectra as the input pulse energies into the PCF is varied with a variable neutral
density attenuator. The observation of multiple pulses at the output with various wavelength shifts is
suggestive of fission of higher order solitons into fundamental solitons. The order N of the soliton is given



by N 2 = yEpt / B2 [5] where vy is the coefficient of fiber nonlinearity, Ep is the pulse energy, 7 is the

pulse width and f, is the fiber group velocity dispersion. For the large pulse energies of Fig.2, the soliton
order is estimated to be >15. However, the number of distinctly frequency-shifted Raman solitons observed
at the output of the PCF fiber is 4. Higher order solitons are strongly susceptible to perturbations, such as
the Raman effect [7,8]. Although an input pulse may satisfy the conditions for a soliton of order N, in the
presence of strong Raman nonlinearity it will not propagate long enough to complete even a single higher
order soliton breathing period, and therefore the observed characteristics of input pulse breakup are not
adequately captured in the traditional soliton fission model. The fiber dispersion profile and the nonlinear
phase shift experienced by each soliton also allow for phase-matched blue-shifted radiation [10], which is

seen at shorter wavelengths in Fig. 2.
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Figure 2. Spectra of the output of the photonic Figure 3. Autocorrelation of a typical Raman
crystal fiber at various input pulse energies. soliton at a wavelength near 1600 nm.

The individual frequency shifted solitons are filtered out separately and their pulse widths are measured
using SHG autocorrelation. Fig. 3 shows the autocorrelation of the farthest shifted soliton near 1600 nm,
corresponding to a pulse width of ~130 fs. Some of the higher energy solitons at shorter wavelengths
exhibit pulse widths as short as 86 fs. The energies of the longest wavelength solitons exceed 0.5 nJ over
the entire tuning range of 1100-1670 nm.

In conclusion, we report a femtosecond laser source that is continuously tunable over the entire wavelength
range from 1.0 um to 1.7 um and has output pulse energies exceeding 0.5 nJ over this range. In this paper
we will also discuss characteristics of widely tunable femtosecond laser sources employing the Raman
effect and methods to achieve tunability over an entire octave in frequency.

Reference:

1. N. Nishizawa and T. Goto, “Compact system of wavelength tunable femtosecond soliton pulse generation using
optical fibers” IEEE Photon. Techol. Lett., 11, 325 (1999)

2. N. Nishizawa, R. Okamura, and T. Goto, “Widely wavelength tunable ultrashort soliton pulse and and antistokes
pulse generation for wavelengths of 1.32-175 um” Jpn. J. Appl. Phys., 39, L409 (2000)

3. H. Lim, J. Buckley, A. Chong, and F. W.Wise, “Fibre-based source of femtosecond pulses tunable from 1.0 to 1.3
_m,” Electron. Lett., 40, 1523 (2004)

4.]. Takayanagi, T. Sugiura, M. Yoshida, and N. Nishizawa,“1.0-1.7 um wavelength-Tunable Ultrashort-Pulse
Generation Using Femtosecond Yb-Doped Fiber Laser and Photonic Crystal Fiber” [EEE Photonics Technology
Letters, 18, 2284, (20006)

5. G. Agrawal “Nonlinear Fiber Optics”, 4™ edition, Elsevier Inc., (2007)

6. F. O.1lday, J. R. Buckley, H. Lim, F. W. Wise, and W. G. Clark “Generation of 50-fs, 5-nJ pulses at 1.03 mm from a
wave-breaking-free fiber laser” Optics Letters, 28, 1365 (2003)

7. S. R. Friberg and K. W. DeLong , “Breakup of bound higher-order solitons” Optics Letters, 17,979 (1992)

8. W. Hodel and H. P. Weber, “Decay of femtosecond higher-order solitons in an optical fiber induced by Raman self-
pumping” Optics Letters, 12, 924 , (1987)

9. M. G. Banaee and Jeff F. Young “High-order soliton breakup and soliton self-frequency shifts in a microstructured
optical fiber” J. Opt. Soc. Am. B 23, 1484, (2006).

10. N. Akhmediev and M. Karlsson, “Cherenkov radiation emitted by solitons in optical fibers”, Physical Review
A, 51,2602 (1995)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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 ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


