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Abstract. In recent times ytterbium (Yb) doped fibre-based mode-locked master oscillator and power amplifier have attracted a great deal of interest because of their inherent
advantages like flexibility, reliability, compactness, high power handling capability and diffraction limited output beam quality as compared to the solid-state counterpart. But, to
successfully develope of high-power femtosecond oscillator–amplifier system based on Ybdoped fibre, an appropriate choice of the mode-locking regime and the amplifier geometry
are required. Development of an all-fibre integrated high-power Yb-doped fibre oscillator–
amplifier system in which the advantages of a fibre-based system can be fully exploited
remained a challenge as it requires the careful optimization of dispersion, nonlinearity,
gain and ASE contribution.
In this article, femto-second pulse generation in Yb-doped fibre oscillator in different
mode-locking regimes are reviewed and the details of development and characterization
of an all-fibre, high-power, low-noise amplifier system seeded by an all-normal-dispersion
mode-locked Yb-doped fibre laser oscillator is described. More than 10 W of average
power is obtained from the fibre oscillator–amplifier system at a repetition rate of 43
MHz with diffraction-limited beam quality. Amplified pulses are de-chirped to sub-160 fs
duration in a grating compressor. This is the first 10 W-level source of femtosecond
pulses with completely fibre-integrated amplification comprised of commercially available
components.
Keywords. All-fibre amplifier; femtosecond pulse; chirped pulse amplification; modelocked fibre-laser; Yb-doped fibre; noise.
PACS Nos 42.81.Dp; 05.45.Yv; 42.65.Re; 42.65.Tg; 42.55.Wd

1. Introduction
Femtosecond pulse train with high average power has many industrial and medical applications such as precision micromachining [1,2], pulsed-laser deposition [3],
biomedical imaging [4], tissue processing [5], nanosurgery [6] and scientific applications such as in nonlinear optics, metrology, spectroscopy and probing ultrafast
dynamics. Even though it is clear that these emerging applications hold potential
for major scientific and industrial impact, progress is hampered because of the lack
of compact, low-cost, simple-to-operate and robust laser sources. Fibre lasers can
potentially address all these requirements and hence there is a strong interest in
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the development of ultrafast fibre laser systems providing high-power femto-second
pulses in increasingly robust configurations for use in applications outside a research
laboratory. In practice, fibre-based system have many advantages like flexibility, reduced thermal effects due to large surface-to-volume ratio, diffraction-limited beam
quality due to the wave guiding nature of the optical fibre, compactness as fibre can
be coiled easily and reliable maintenance-free turn key operation when compared
with its solid-state counterparts.
In recent times, ytterbium ion (Yb3+ ) doped silica fibre (YDF) based ultrafast
oscillator–amplifier system has attracted a great deal of interest because of its
high efficiency, broad gain-bandwidth and high power scaling capability and is fast
emerging as a promising candidate for high-power all-fibre integrated oscillator–
amplifier system which can compete with the solid-state laser systems in terms of
efficiency and output power and at the same time can offer the attractive advantages
of a fibre-based system. Further, the output wavelength from a YDF-based system
falls in the range of ∼1 µm and hence the optics used for the conventional Nd : YAG
lasers can be employed for any intended applications. But, it is quite challenging to
generate and amplify femtosecond pulses in YDF-based system because of its strong
nonlinearity like self-phase modulation (SPM) and stimulated Raman scattering
(SRS), which not only distort the pulse shape but also break them into noise-like
structures. Apart from these the amplified spontaneous emission (ASE), amplified
back reflection, uncontrolled polarization and non-availability of high-power high
brightness fibre coupled laser diode also sets a limit on the power scalability from
YDF-based system particularly in all-fibre integrated configuration.
In this article, the issues related with ultrashort pulse generation and amplification in YDF-based system will be reviewed and the current status of the state of the
art of such systems will be presented. From the viewpoint of an overall system we
focus on all-fibre integrated configuration in which the advantages of a fibre-based
system can be fully exploited.
2. Basic issues related to ultrashort pulse generation in fibre oscillator
Before going into the details of mode-locking dynamics to generate ultrashort pulses
in YDF oscillator, it is useful to discuss the basic issues related to the pulse propagation through single-mode fibre. This is because, as an ultashort pulse propagates
through an optical fibre, its spectral and temporal shapes change continuously due
to the effect of dispersion and nonlinear process. Mathematically, the electric field
of an ultrashort pulse is characterized by a rapidly-varying oscillatory field and a
slowly-varying carrier envelope given by
~ t) = a(z, t) exp(iβ0 z − iω0 t),
E(z,

(1)

where a(z, t) is the slowly-varying amplitude of the pulse propagating along the
length of the fibre which is defined as the z-axis and β0 is the longitudinal propagation constant at the angular carrier frequency ω0 .
The evolution of the temporal profile of the pulse, as it propagates through a
single-mode fibre, can be described with the help of nonlinear Schrödinger equation
given by
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∂a(z, τ )
β2 ∂ 2 a(z, τ ) β3 ∂ 3 a(z, τ )
+i
−
= iγ|a(z, τ )|2 a(z, τ ),
∂z
2
∂τ 2
6
∂τ 3

(2)

where a(z, τ ) is the slowly-varying pulse envelope in a retarded time frame (τ ) , β2
is the group velocity dispersion (GVD) parameter, β3 is the third-order dispersion
(TOD) parameter, and γ is the cubic nonlinearity defined as γ = ω0 n2 /cAeff , where
n2 is the Kerr coefficient of silica fibre and Aeff is the effective mode area. The cubic
nonlinearity is responsible for self-phase modulation (SPM) which is proportional
to the peak power of the pulse and leads to spectral broadening with a nonlinear
frequency chirp in the pulse. For a given pulse shape the governing equation (2)
can be solved numerically by the standard split-step method [7] to find the effect
of dispersion, gain and nonlinearity on the pulse shape.
One of the fundamental effects that limit the peak power of a pulse is the socalled ‘wave breaking’ of the pulse arising from the interplay of GVD and strong
SPM. As shown in figure 1a SPM leads to nonlinear frequency chirping and GVD
leads to linear frequency up-chirp in normal dispersion for a Gaussian pulse profile.
Under strong nonlinearity, the red spectral component due to SPM can be much
longer in wavelength than that due to GVD. Hence at the leading part, the portion
nearer to the peak moves faster than the edge. Similarly, at the trailing part the
portion nearer to the peak of the pulse moves slower than the edge as the blue
spectral component due to SPM is shorter in wavelength than that due to GVD.
Hence the pulse is continuously distorted as it propagates through the fibre with
a flattened top and steep edges until it breaks into noise-like structure known as
wave-breaking (shown in figure 1b). To avoid the wave-breaking in the oscillator or
amplifier the peak of the pulse must be kept low enough so that the effect of SPM
becomes negligible. This essentially means that the pulse that can be obtained
directly from a fibre oscillator is of low energy and should be amplified externally
using chirped pulse amplification for energy scaling.
Mode-locking technique is commonly employed to generate ultrashort pulse train
from a laser oscillator which is achieved by using a fast saturable absorber and a
gain medium with broad gain bandwidth. Figure 2 shows the energy level diagram
of Yb-doped silica fibre and the corresponding absorption and emission spectra
[8]. The laser transitions occur between the sublevels of 4 F 5/2 and 4 F 7/2 states
in Yb-doped silica. YDF has a very broad absorption and emission band and can
be pumped efficiently by 915 nm or 975 nm laser diode. Absorption at 975 nm
is much stronger than that at 915 nm though it leads to a three-level operation.
It can be seen from figure 2 that for pumping at 975 nm the gain peak occurs at
1030 nm. To obtain mode-locked pulses with a centre wavelength at ∼1.06 µm,
which is the wavelength of interest as it coincides with that of Nd:YAG, the gain
fibre length must be chosen appropriately due to the three-level nature of transions
for pumping at 975 nm which leads to re-absorption and re-emission processes
for the lasing wavelength. The absorption and emission cross-sections at 1.06 µm
in YDF are σal = 0.448 × 10−13 µm2 , σel = 2.62 × 10−13 µm2 respectively [8].
The fluorescence lifetime of the upper laser level in YDF τf = 0.8 ms. The gain
coefficient at the operating frequency ω in a gain medium is defined as
G(ω) =

g0 (ω)
,
1 + (ω − ωg )2 T22 + Epulse /Esat
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Figure 1. (a) Interplay of strong SPM and positive GVD. (b) Nonlinearityinduced wave-breaking.

where ωg is the angular frequency at the gain centre, T2 is the dipole relaxation
time (T2 < 1 ps), Epulse is the pulse energy and Esat is the saturating energy for
the YDF. The value of the gain bandwidth ∆λFWHM = λ2 /πcT2 and is around
40 nm in YDF.
In the fibre, the fast saturable absorber (SA) works on the basis of nonlinear
polarization evolution (NPE) due to the optical Kerr effect and can be easily implemented with the help of a polarizing beam splitter (PBS) and few wave plates
as shown in figure 3. The action of fast saturable absorption based on NPE can
be explained as follows. The linear polarization after the PBS is made elliptical
using a quarter wave plate. As the pulse propagates through the fibre, the axes
of the polarization ellipse rotates continuously from the peak to the valley of the
pulse due to Kerr nonlinearity. At the fibre exit the polarization directions are
adjusted using a quarter and half wave plates so that the peak of the pulse sees
high transmission and the wings are attenuated. In this way, the NPE acts like a
fast saturable absorber and leads to the intensity discremination and narrowing of
the pulse. But, unidirectional ring cavity is required for NPE to be effective and
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Figure 2. The energy level diagram of the Yb-doped fibre (top). Absorption
(solid line) and emission cross-sections (dashed line) of Yb in silica fibre as a
function of wavelength (bottom).

Figure 3. Fast saturable absorption action based on nonlinear polarization
rotation.

for the self-starting operation. The nonlinear transmission TSA of the saturable
absorber is given by
TSA = 1 −

q
,
1 + |a(z, τ )|2 /Isat

(4)

where q is the unsaturated loss, |a(z, τ )|2 is the instantaneous intensity of the pulse
and Isat is the saturation intensity for the absorber.
According to the fluctuation mechanism of mode-locked pulse generation using
a saturable absorber there are two stages of pulse formation. In the linear stage,
Pramana – J. Phys., Vol. 75, No. 5, November 2010
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a large number of axial modes interfere to create a strong intensity fluctuation.
In the nonlinear stage, when the saturable absorber is bleached, the most intense
fluctuation peak is compressed in time and amplified faster. The pulse narrowing
by the SA is balanced by the gain filtering effect of the active medium leading to
the formation of bandwidth-limited mode-locked pulse [7]. In a fibre laser, however,
the stable pulses will be generated only when the interplay of nonlinearity, gain and
dispersion will be such that the chirping in the pulse can be managed with the help
of a dispersion compensating element, like a grating pair, so that the pulse shape
repeats itself after each round trip. Hence, a prior simulation is required for designing the mode-locked fibre oscillator to find the operating regime at which the stable
mode-locked pulses can be evolved from the initial intensity noise fluctuations. The
propagation of noise fluctuation in each segment of the oscillator can be modelled
by the generalized NLSE given by
β2 ∂ 2 a(z, τ ) β3 ∂ 3 a(z, τ )
∂a(z, τ )
+i
−
∂z
2
∂τ 2
6
∂τ 3
= g(ω)a(z, τ ) + iγ|a(z, τ )|2 a(z, τ )

(5)

which also includes the effect of gain and gain filtering due to the finite gain bandwidth. If the parameters given for the oscillator are favourable for mode-locking
then a stable pulse shape will evolve from the initial intensity noise fluctuation
after many round trips as shown by the screen shots of the simulation program in
figure 4.
3. Mode-locking regimes in YDF oscillator
Various types of ultrashort pulse shapes can be generated by mode-locking Ybdoped fibre oscillator by adjusting the interplay of dispersion, nonlinearity and gain.
YDF oscillator can be operated mainly in three different mode-locking regimes,
namely stretched pulse, similariton and all-normal dispersion depending on the net
value of GVD in the cavity as discussed below:
Stretched pulse mode-locked YDF laser: The stretched pulse YDF laser is the first
kind of mode-locked YDF fibre laser demonstrated by Lim et al [9]. It is named so
because the mode-locked pulse undergoes periodic stretching and compression in
each round trip. The natural solution of eq. (5) is a secant hyperbolic pulse which
can be obtained under negative GVD. Such pulses are referred to as soliton pulse
as the negative GVD and the nonlinearity cancel each other leading to the pulse
shape whose temporal and spectral profiles do not change with the propagation
distance. Under normal dispersion (for wavelength ∼1 µm) conventional soliton
pulse cannot be generated, but, soliton-like pulse known as the dispersion managed
(DM) soliton or stretched pulse can be formed by employing a negative dispersing
element like a grating pair to cancel the phase introduced by the positive GVD and
SPM in the fibre [10].
The schematic of stretched pulse YDF laser is shown in figure 5 along with the
simulated spectral, temporal and chirp profiles of the pulse for each segment of
the oscillator. The laser set-up comprises of a long segment of single mode fibre
792
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Figure 4. The page for input of various parameters of a segment of the
oscillator (top). The first page shows white noise as the input pulse and
the subsequent pages show the evolution of the pulse in many round trips
(bottom).

followed by a gain segment. The NPE is implemented by a PBS and wave plates. A
grating pair in the near-Littrow configuration is placed after the PBS for negative
dispersion. The grating is therefore known as the dispersive delay line (DDL). The
net GVD of the cavity is kept close to zero. An optical isolator is placed in the air
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Figure 5. Schematic of dispersion managed soliton fibre laser. The pulse
shape in each segment of the oscillator is also plotted to show the propagation
dynamics. Spectral profile (dashed black line), temporal profile (red line) and
the frequency chirping (blue line).

space for unidirectional operation so that the mode-locking process is self-started.
By adjusting the wave plates, stable mode-locked pulses are readily observed.
As the pulse propagates through the SMF and the gain segment, the temporal
and spectral widths increase with a positive chirp due to the interplay of GVD
and nonlinearity. The pulse becomes negatively chirped after passing through the
grating pair and again in the SMF the positive dispersion leads to spectral and
temporal compressions bringing back the pulse to its original shape. The output
can be taken directly from the NPE rejection port.
The pulses are chirped inside the gain segment and so their energy can be scaled
up significantly as compared to a soliton pulse. Pulse energy of 5 nJ with a compressed pulse duration of 50 ns has been demonstrated from a stretched pulse YDF
laser [11]. The shortest pulse duration of 33 fs from YDF oscillator is also achieved
using the stretched pulse configuration by employing simultaneous TOD compensation [12]. But, further energy scaling is limited by the wave breaking of the pulses
and over-driving of the NPE due to strong nonlinearity.
Similariton laser: Similariton pulses are the asymptotic solution of the NLSE under
normal dispersion, that is, if certain conditions are satisfied then any input pulse
shape would evolve as a parabolic one after propagating through the fibre [13].
Mathematically a similarton pulse is described as
p
a(z, τ ) = a0 (z) 1 − (τ /τ0 (z))2 exp(ib(z)τ 2 )
(6)
which has a parabolic temporal shape as well as quadratic phase profile which always
leads to linear frequency chirping. Here, b(z) is the chirp parameter. A similariton
794
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Figure 6. Propagation of similariton pulse in fibre amplifier (top) and generation of similariton pulse in YDF oscillator (bottom). The pulse shape in
each segment of the oscillator is also plotted to show the propagation dynamics. Spectral profile (dashed black line), temporal profile (red line) and the
frequency chirping (blue line).

pulse propagates through a fibre in a self-similar manner, that is, the spectral and
temporal profiles are always a scaled version of itself even in the presence of high
gain or loss as shown in figure 6 (top).
Generation of similariton pulse in an oscillator was first demonstrated by Ilday et
al [14]. The laser configuration is similar to the dispersion managed soliton but has
a large amount of net positive GVD as shown schematically in figure 6 (bottom)
obtained by increasing the undoped single-mode fibre length. The purpose of the
grating pair is to compress the pulse to its initial width. For the evolution of selfsimilar pulse, the pulse energy should be high enough (requirement of high gain)
and should pass through long distance in the undoped fibre. If we start with a pulse
at the beginning of the SMF after the collimator (‘col’ in the figure) it will evolve
self-similarly to a parabolic spectral and temporal shape with a perfect linear upchirp. Spectral width is slightly reduced at the Yb-doped fibre because of its finite
gain-bandwidth. The grating pair again compresses the pulse to its initial shape for
generating steady-state pulse. It should be noted that the pulse is always having a
linear positive chirp even in the presence of negative dispersion of the grating pair.
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The temporal shape has a quadratic phase profile because of the nonlinearity
which is a signature of a similariton pulse. The time–bandwidth product (TBP) increases linearly in the SMF and slightly reduces at the gain medium due to spectral
filtering and the DDL significantly reduces the TBP but the TBP is always higher
than the transform limited value signifying that the pulses are always chirped.
Ideally, similariton pulses are best-suited for fibre amplifier as they are resistant
to wave-breaking even in the presence of strong nonlinearity because of the parabolic intensity profile of the pulse which leads to linear frequency chirp due to
nonlinearity. Due to the linear chirp, there is no limitation on energy scaling as
the pulse would not suffer from wave-breaking. A record 15 nJ of pulse energy
was obtained directly from the oscillator [14] with a de-chirped pulse duration of
130 fs. The finite gain-bandwidth of the amplifying medium however, can disrupt
self-similar propagation by a process known as gain filtering.
All-normal dispersion (ANDi) laser: All-normal dispersion laser, first demonstrated
by Chong et al [15], is the simplest kind of mode-locked Yb-doped fibre oscillator
as there is no grating pair for dispersion compensation as shown schematically
in figure 7 (top). In practice, the dispersion is managed by a narrow bandwidth
interference filter. The idea is that when a heavily chirped pulse passes through
a narrow band filter it leads to narrowing of the pulse by cutting the wings as
the spectral components outside the transmission band of the filter are placed at
the wings of a highly chirped pulse. Thus, the filter leads not only to pulse width
management but also to a strong self-amplitude modulation by transmitting the
peak of the pulse and attenuating the wings. Also the central wavelength of the
pulse can be tuned by changing the peak transmission wavelength of the filter.
The laser comprised of an SMF, followed by a gain segment and then again an
SMF. NPE is implemented by in-fibre polarization controller and a PBS. As there
is no negative dispersing element, the net GVD is very high and positive. As
the pulse propagates through the SMF, the spectrum broadens significantly and
develops structured profile with steep edges due to strong SPM. The narrow band
filter cuts down the edges of the spectrum and hence the pulse wings to restore it
to its initial form.
It can be seen from figure 7 (bottom) that even with highly structured spectral
profile the temporal shape is smooth with a linear chirp near the centre of the pulse.
It can also be seen that the breathing of spectrum and the temporal shape are not
as large as the other regimes of the mode-locking. There are several important
features of the all-normal-dispersion laser. As the pulse is of dissipative soliton [16]
type it can tolerate large variation of gain and loss. A record pulse energy of 31 nJ
and an average power in excess of 2 W has been demonstrated with the ANDi laser
[17,18]. Most importantly it is a very simple construction and can be integrated
with strictly all-fibre components [19]. Hence, this system is attractive for all-fibre
oscillator–amplifier configuration.
4. Fibre amplifier and its characterization
The energy of an ultrshort pulse directly from an oscillator is very low and hence
a separate amplifier stage is required for energy scaling of the pulse. But, during
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Figure 7. Schematic of all normal dispersion fibre laser (top). The pulse
shape in each segment of the oscillator is also plotted to show the propagation dynamics. Spectral profile (dashed black line) and temporal profile (red
line). Numerical simulation results for the ANDi oscillator (bottom): (a) Pulse
characteristics at the output port, showing the temporal shape (black), the
spectrum (red), and temporal chirp (blue). (b) Variation of the spectral (red,
upward triangles) and temporal (black, downward triangles) width (FWHM)
along the length of the cavity (referenced to collimator-1).

amplification the peak power of the pulses becomes very high leading to a strong
nonlinearity, which eventually can disrupt the pulse propagation by the process of
wave-breaking. The chirped pulse amplification is the simplest and most widely
used technique for the amplification of very short pulses. In this method the ultrafast pulse train from an oscillator is stretched in time domain sufficiently to
reduce the peak power so that the effect of nonlinearity becomes tolerable during
the amplification. After amplification the pulse can be compressed back nearly to
its original duration if the nonlinearity and other effects are not significant.
Considerable work has been done during the recent past either to scale up
the pulse energy [13,20,21] or the average power [22–24] from YDF amplifier by
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employing novel pulse shaping techniques and by using novel fibre geometry. Shah et al [20] demonstrated more than 100 µJ of pulse energy with 650 fs
pulse duration. On the other hand Röser et al [22] demonstrated 130 W of average
power with 220 fs pulses. But, all these systems employ bulk mode-locked solidstate lasers as the seed sources to the power amplifier and bulk optics to couple the
pump and signal beam to the power amplifier. Much of the system are actually not
fibre and hence counter some of the main benefits of a fibre based system. Thus, the
development of high-power all-fibre integrated oscillator–amplifier system in which
the benefits of fibre can be fully exploited remained a challenge. Recently, we have
demonstrated and characterized an all-fibre high-power low-noise amplifier system
based on the all-normal dispersion laser for seeding the power amplifier [25]. In this
article we focus on such a system and discuss its operational characteristics.
The schematic of the oscillator–amplifier system is shown in figure 8. The system consists of an ANDi-type Yb-doped fibre oscillator connected to a fibre pulsestretcher followed by a pre-amplifier and a power amplifier. Finally, the amplified
pulses are compressed in a grating compressor.
The pulses from the ANDi-type oscillator are highly chirped with around 1 ps
duration. An output power of 26 mW at 43 MHz repetition rate is obtained directly
through a 20% output port from the oscillator. Around 50% of the output power
from the oscillator traverses a 20 m-long SMF section to stretch the pulses to
around 18 ps. The rest is further divided to an optical spectrum analyser and to
a fast photodiode. The output from the photodiode in combination with a delay
generator forms the down-counter and is used to drive a fibre-coupled acousto-optic
modulator placed after the stretcher fibre to vary the pulse repetition rate from
100 kHz to 43 MHz. The pulses from the oscillator are amplified to an average
power of ∼100 mW in the pre-amplifier stage and seeds the power amplifier through
an in-fibre optical isolator.
The gain fibre in the power amplifier is pumped co-directionally by several high
power laser diodes with a 6-port multimode pump combiner (MPC) with a signal
feed-through. Around 25 mW of signal and 20 W of the pump power are coupled
to the gain fibre which is 1.8 m-long large-mode area double cladded fibre with
20-µm diameter ytterbium-doped core and a 125-µm octagonal-shaped cladding.
The length of the gain fibre is chosen to have minimum ASE contribution. Because
of the large mode area, the gain fibre is coiled to ∼10 cm diameter to avoid the
excitation of higher-order spatial modes.
Figure 9a shows the results for the pre-amplifier along with the corresponding
simulation results for different amounts of input signal strength from the oscillator. The maximum pump power for the pre-amplifier is 300 mW at which 175
mW of output was obtained for a signal strength of 10 mW. But, the amplification is limited to 100 mW to reduce the ASE contribution to its bare minimum value so that there should be no effective ASE input to the power amplifier. Figure 9b shows the results for the power amplifier. At 20 W of coupled pump power, we measure 10.6 W at the isolator-collimator port, corresponding to 53% optical-to-optical conversion efficiency. We attribute the deviation
of the measured values from calculated values at lower pump powers to a shift
of the diode emission wavelength with the diode power. The maximum pulse
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Figure 8. Schematic of the oscillator amplifier system based on Yb-doped fibre.
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Figure 9. Output power characteristics of the MOPA system as a function
of the pump power (a) from the pre-amplifier, (b) from the power amplifier.
Points represent measured output power versus total pump power. Solid line
shows the simulation results. (c) shows the energy scaling by reducing the
repetition rate using down-counter.

energy is estimated to be ∼230 nJ at a repetition rate of 43 MHz. To scale
up the pulse energy the pulse repetition rate is reduced with the help of the
down-counter. Figure 9c shows the variation of the pulse energy as a function
of the repetition rate from 100 kHz to 1 MHz. It can be seen that the pulse energy increases by decreasing the repetition rate but the energy scaling is limited
by the onset of ASE and pulse distortion due to high nonlineraity. More than
20 micro-J of pulse energy is obtained at 100 kHz repetition rate with resonably
low ASE and good pulse shape.
Apart from the input and output characteristics, numerical simulations are employed to study the pulse dynamics throughout the system, starting with pulse
generation in the oscillator, followed by propagation through the fibre stretcher,
pre-amplifier and the power amplifier. We run separate simulations for pulse generation in the oscillator and pulse propagation outside the oscillator. The numerical output of oscillator simulation serves as the initial condition for propagation
through the rest of the system.
Simulations for the oscillator are run until the field converges within a finite
number of round trips through the cavity. In figure 10 we show the recorded spectra
at various stages of the oscillator amplifier system along with the simulation results.
It can be seen that for the oscillator and the pre-amplifier, the simulated spectra
match excellently with the recorded profiles. It should be noted that there is no
significant ASE signal at the gain peak of 1030 nm and no Raman-shifted signal
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Figure 10. Spectra at various stages of the oscillator amplifier system. The
recorded and simulated profiles are represented by the solid and dashed lines
respectively: (a) at the oscillator output, (b) pre-amplifier output, (c) amplifier output with 1 W of power and (d) amplifier output with 10 W of power.

at longer wavelengths. For the power amplifier the agreement is still reasonable
for a wide range of the output power though some large oscillations develop on the
spectrum only at high powers. These oscillations could to be due to polarization
beating and can be avoided by using polarization maintaining fibre.
The output pulses from the amplifier are compressed to near-transform limit in a
grating pair in near-Littrow configuration. The coefficient for GVD introduced by
the grating pair is estimated to be −1518 fs2 /mm. The spacing between the gratings
was adjusted till the minimum pulse duration is obtained. It should be noted that
the TOD in the pulse cannot be compensated with the grating pair as the TOD
parameter has the same sign for the grating pair as well as for the fibre. A separate
prism pair should be inserted in between for simultaneous compensation of TOD.
The temporal quality of the pulses after compression is characterized by shortspan interferometric and long-span intensity autocorreletions. An interferometric
autocorrelation (AC) trace of the de-chirped pulses corresponding to 10.6 W of
average power is shown in figure 11. It should be noted that for an interferometric
AC trace the fringes are separated by one optical period (3.55 fs for 1060 nm)
and the ratio of peak to the background intensity should be 8 : 1. The FWHM
width of the trace is 240 fs, which corresponds to an estimated pulse duration of
∼160 fs (assuming a Gaussian pulse shape). Despite the highly structured spectral
shape, the temporal profile is reasonably smooth. The inset of figure 11 shows the
corresponding long-range intensity AC trace indicating no secondary pulse. The
measured pulse duration at 10 W is 25% higher than the zero-phase transform
limit of the recorded spectra, which we attribute to the uncompensated TOD and
SPM.
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Figure 11. Interferometric autocorrelation trace of de-chirped pulses at
10 W of power. Inset shows long-range intensity autocorrelation on semi-log
scale.

The intensity noise in the output pulses can easily be increased during amplification due to pump noise of the amplying stages and ASE introduced during
amplification. Therefore, we characterized the relative intensity noise (RIN) of the
oscillator amplifier system using the standard method. In this method, the laser
signal is detected with InGaAs with 5 ns rise time. As the detected periodic signal
has an amplitude modulation spectrum common to all harmonics, measuring the
spectrum of the photocurrent at baseband gives the desired noise spectrum. Signal
at baseband is obtained by passing the photocurrent through a low-pass filter (DC
to 1.9 MHz). The output of the filter is sent to a high dynamic range base-band
spectrum analyser (bandwidth of 250 kHz) to obtain the noise spectrum. The noise
spectrum gives RIN in the photocurrent signal at the single side band (SSB).
Figure 12a displays the SSB spectral density of RIN of the output from the
oscillator–amplifier system. It can be seen from the figure that the noise is increased
significantly in the amplifier stage at high powers. It is convenient to refer to the
integrated noise for quantitative comparison, which is obtained by integrating the
spectral density of RIN over a specified bandwidth (also multiplied by a factor of 2
for double side bands). The calculated amplitude noise of the amplifier as a function
of output power, integrated over a frequency range of 20 Hz–250 kHz is shown in
figure 12b. The integrated noise of the oscillator is as low as 0.029% over the same
range. Integrated noise for the amplifier output starts from 0.06% at lower powers
and increases up to ∼0.2% at 10 W. The noise level is found to be comparable to
continuous wave fibre lasers and significantly better than bulk ultrafast solid-state
lasers.
The output beam was circular in shape with a Gaussian intensity distribution as
shown in the inset of figure 13. The spatial beam quality of the amplifier system
is characterized by the well-known beam propagation method. In this method an
artificial waist is created by focussing the beam and the beam radius is measured
around the waist region as a function of the distance from a reference plane as shown
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Figure 12. (a) Measurement of relative intensity noise (RIN): red curve is
the amplifier RIN at 10 W of power, blue curve is the oscillator RIN and
black curve is the noise floor. (b) Variation of integraterd noise as a function
of power for the frequency range of 20 Hz–250 kHz. Integrated noise of the
oscillator is 0.029% over the same range.

Figure 13. Measurement of M 2 -parameter by beam propagation. The transverse intensity distribution of the output beam is shown in the inset.

in figure 13. The M 2 -parameter is then estimated by fitting the usual multimode
beam propagation equation. It can be seen that the beam quality remains close
to the diffraction limited value (M 2 < 1.1) even at 10.6 W of power. The nearly
diffraction-limited beam quality is obtained due to the suitable coiling of the large
mode area fibre.
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5. Summary
In this article I have reviewed the present status of Yb-doped femtosecond
oscillator–amplifier system. The present state of the art is focused on all-fibre
integrated configuration in which the advantages of fibre-based system can be truly
exploited. We have demonstrated a 10-W fibre amplifier, based on strictly in-fibre
pump delivery from several multimode diodes via a multimode pump-signal combiner. The compact laser system consists of commercially available components,
is compact and robust. Pump-to-signal optical efficiency is 53%. The amplifier is
seeded by pulses from an ANDi-type fibre laser for the first time. The repetition
rate is 43 MHz. Amplified pulses are compressed to sub-160 fs duration, which
shows that ANDi-type fibre lasers are suitable seed lasers, offering a simpler cavity
structure and great potential for all-fibre integration. Nearly diffraction-limited
(M 2 < 1.1) beam quality is obtained even at the highest powers. Despite its importance for virtually all applications, intensity noises of high-power femtosecond
fibre amplifiers are largely unknown. As a first step in this direction, we have
characterized the noise of the present system, which is measured to be ∼0.2%. We
measured the ANDi-type oscillator’s intensity noise to be <0.03%. Extensive numerical simulations explain the observed behaviour of the system and closely guide
the experimental efforts.
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