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Abstract

The amplification of femtosecond laser has been experimentally investigated around 1.060 pum wavelength
through an optical fiber based on stimulated Raman scattering (SRS). A passively mode locked Nd:Glass laser
(model Timebandwidth GLX 200) giving a pulse duration of about 200 fs at 1.060 um wavelength and 120 mW
average optical power with 100 MHz repetition rate is used as seed signal. Whereas the high repetition rate
88MHz Nd:YLF laser operating at 1.053um with pulse duration of 120 Ps is used as pump laser of the 15 and 25
m long single mode fiber. The broadening in the time of the pulse is done in the first few meters of the optical
fiber and then amplified due to the energy transfer from pump laser source to the seed laser pulse. The results
showed that the peak power conversion efficiency exceeds 45% and the on-off peak gain is about 2 dB. The peak
wavelength shift is about 0.3 nm when the optical fiber is forward pumping by Nd:YLF laser. The self phase
modulation (SPM) leads to compress the laser spectral width from 6.96 nm to 5 nm with small effect on the
maximum nonlinear phase shift.
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1. Introduction

Femtosecond mode-locked lasers are widespread to various scientific and engineering fields such as ultrafast
spectroscopy [Bellini et.al. 2004, Naumov et.al. 2001], metrology[Kinoshita et.al. 2001], superfine material
processing[Von et.al. 2001], microscopy[Hong et.al 2009, Ozaki et.al 2009], high harmonic generation[Villoresi
et.al 2001, Merdji et.al. 2000] and so on.

Raman amplification in optical fiber is based on Raman scattering. Raman scattering is divided into two
categories called spontaneous Raman scattering and stimulated Raman scattering. Spontaneous Raman scattering
is an interaction between light and a material that causes some of the incident light to be shifted to different
frequencies spontaneously. Light down shifted in frequency from the incident frequency is called a Stokes shift
and up-shifted frequency is called an anti-Stokes shift. The amount of the frequency shift depends on the
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vibration modes (optical phonons) of the material[Grote and Venhgaus 2001. SRS in optical fibers has been
mainly used for broadband amplifiers, tunable fiber lasers or pulse compressors [Agrawal 1995]. All these
applications dealt only with the downshifted generate from the frequency difference between the pump and the
signal known Stokes shift @, = @ , @, where amplification of seed signal copropagating with a pump
occurs when the signal wavelength falls in the Raman gain bandwidth [Agrawal 1995]. The bandwidth of fiber
Raman amplifier is suitable for amplification of short optical pulses and offers the potential to generate gain at
any arbitrary wavelength with an appropriate pump source. This has provided a very effective and successful
way of providing gain at those wavelengths not directly available with other amplifier such as rare-earth doped
fibers [Christophe et.al. 2003]. Optical amplification via SRS has advantages of self-phase matching between the
pump and the signal, wider bandwidth and low noise, which leads to increase system capacity, distance [Kim
et.al. 2002] and high speed response, compared with other nonlinear processes. Fiber Raman amplifier (FRA)
may be used to overcome the fiber loss in soliton based communication system.

With the common assumption that the intensity of signal remains much smaller than the pump intensity, the
Raman amplification gain can be expressed as.

G, =exp {g}z{iﬁeff} (1)

eff

Where P, is the pump power, Ayis the effective core area of the fiber, g , is the Raman gain coefficient, L is
the effective fiber length, and K is a numerical factor that account for polarization scrambling between the
optical pump and signal. For complete polarization scrambling, as in conventional single mode fiber, K=2.

Just to report a few important experimental and theoretical investigations on nonlinear SRS in optical fibers, we
recall that: 23 dB signal gains were obtained from a 140nsec pump laser with 1.4W peak pump power over 20km
long dispersion shifted fiber [Horiguchi et.al. 1992]; 30dB gain were obtained when a heavily germanium-doped
optical fiber pumped by 350 mW [Dianov 1996]; the interaction between optical parabolic pulses in a Raman
fiber amplifier were investigated and demonstrated experimentally in 5.3 km of non-zero dispersion shifted fiber
presenting normal group velocity dispersion at the injected signal pulse wavelength of 1550 nm [Christophe and
Guy 2005, Cyril and John 2003]. Electric Industries, Ltd. (SEI) has developed a discrete FRA utilizing a highly
nonlinear fiber for 4-channel CWDM systems. By FRA technique, the transmission over single mode fiber with
the length of 150 km was successfully achieved [Toshiyuki et.al. 2003].

In this work, we demonstrate and investigate experimentally the amplification of femtosecond laser pulses by
using the nonlinear SRS in optical fibers with forward pumping.

2. The Experimental Setup
The Raman amplifier configuration with forward pumping is shown in Fig. 1.

In the present work, we used a passively mode locked Nd:Glass laser, model Timebandwidth GLX 200,
equipped with semiconductor storable absorber mirrors [Keller et.al.2004, Klopp et.al. 2002, Druonet.al 2004,
Zhang et.al. 2004] was installed in the laser laboratory of the University of Milano Bicocca [Canova et.al. 2005,
Marangoni et.al 2007, Milani et.al. 2007]. The system is pumped by continuous wave laser diode. It generates
Sech”-shape pulses of about 200 fs and can be tuned from 1050 to 1064 nm at a fundamental repetition rate of
100 MHz and with an average output power of 120 mW.

The experiments reported here were performed with the laser operating at a wavelength centered at 1060 nm
with 3-dB bandwidth of 6.96 nm, and produced Sech’-shape pulse with duration of 200 fs. Also the system was
adjusted to get an initially negative value of the chirp parameter in the laser pulse [Benocci et.al. 2009, Hani et.al.
2009]. The pump source was used in our work is Nd:YLF laser centered at a wavelength 1.053um, a pulse
duration of 120 Ps, 88MHz repetition rate with 2W output power. This laser is also provided of the control
system, which allows an automatic optimization of the pulse train stability in a active mode-locked Nd:YLF laser
cavity[Canova et.al 2005, Marengoni et.al. 2006.

The pump and the seed lasers were multiplexed and launched into the optical fiber through an optical D-coupler
and propagate along with the fiber. To maximize the pump coupling efficiency, the spot is focused on the fiber
core. The minimum attainable spot size at the focus of the coupling lens is governed by diffraction (10um). A
beam collimator was inserted before the coupling lens. The F230FC Thorlabs fiber collimation package is
designed to focus laser beam to propagation through the fiber. We measured the output spectra for two fiber
lengths (15 and 25m) using Ocean Optics spectrometer.
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3. Results and Discussion

The spectrum of the Nd:YLF pump laser source at a wavelength 1.053um and the spectrum of the Nd:Glass
femtosecond laser before propagation in optical fiber is shown in Figure 2. The 3 dB bandwidth of the Nd:YLF
laser is about 0.8 nm, while the 3 dB bandwidth of the Nd:Glass femtosecond laser is about 6.96 nm. The Stokes
shift Qg between the signal and the pump, plays an important role in the SRS process. In the present work, the
pump wavelength was selected 1.053 pm to achieve the desired gain bandwidth with the help of the composite
Raman gain spectrum Qg which is equal to 12 THz. The optical fibers utilized are 15 and 25 m single mode
optical fiber. Figures 3 and 4 show the spectrum of Nd:YLF pump laser and Nd:Glass femtosecond laser
amplification by SRS for 15 and 25 m fiber length respectively. The input pump power was used in our work is 2
W, the Raman gain coefficient is 1¥10™* m/W for 12 THz Stokes shift"'”’, and the fiber length are 15 and 25 m.
Figure 5 represent the effect pump of the Nd:Glass laser spectra. The observed gain can be attributed to SRS due
to the energy transfer from the high power pump laser to the femtosecond seed laser. The peak wavelength
shifted about 0.3 nm, spectral width narrowing from 6.96 nm to 5 nm due to the SPM and small effect of the
maximum nonlinear phase shift were observed for 200 fs laser pulses.

Tacking the integral of the spectrum on/off output signals and dividing the resulting signal pump on power with
the pump off power gives us the experimental measured pump on/off signal gain, which is about 1.8 dB. While
the Raman gain for the signal is evaluated using equation 1 which is equal to 2 dB, by using the parameter values
typical of standard single mode optical fiber, A.y=50 pm and K=2, Raman gain coefficient is 1¥10"* m/W, and
the pump power is 2 W. Raman gain of Nd:Glass femtosecond laser pulses depends on the optical fiber length.
We conclude that the optical excitation of the Ti:Sapphire gain medium is a useful candidate for fs laser pulse
amplification as well. The all fiber ultrashort laser pulse amplifier based SRS doesn't appear any effect on the
pulse length. The femtosecond laser amplification using the power transfer between the shorter wavelength to
longer wavelength in standard optical fiber is about 2dB for 25m fiber length. The SPM leads to compress the
laser spectral width with small effect on the maximum nonlinear phase shift.

4. Conclusion

Raman gain of Nd:Glass femtosecond laser pulses depends on the optical fiber length. We conclude that the
optical excitation of the Ti:Sapphire gain medium is a useful candidate for fsec laser pulse amplification as well.
The all fiber ultrashort laser pulse amplifier based SRS doesn't appear any effect on the pulse length. The
femtosecond laser amplification using the power transfer between the shorter wavelength to longer wavelength
in standard optical fiber is about 2dB for 25m fiber length. The SPM leads to compress the laser spectral width
with small effect on the maximum nonlinear phase shift.
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Figure 1. The experimental setup of the SRA with the forward pumping
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Figure 2. Experimental pulse spectra before amplification
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Figure 3. Experimental pulse spectra after 15m fiber length amplification
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Figure 4. Experimental pulse spectra after 25m fiber length amplification
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Figure 5. Experimental pulse spectra of ON/OFF amplification
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