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Summary. — We report on the design and whole characterization of low-noise and
affordable-cost Yb-doped double-clad fiber amplifiers operating at room tempera-
ture in the near-infrared spectral region at pulse repetition rate of 160 MHz. Two
different experimental configurations are discussed. In the first one, a broadband
seed radiation with a transform limited pulse duration of 71 fs, an optical spectrum
of 20nm wide at around 1040 nm, and ~20mW average power is adopted. In the
second configuration, the seed radiation is constituted by stretched pulses with a
time duration as long as 170 ps, with a 5nm narrow pulse spectrum centered at
1029 nm and ~2mW average input power. In both cases we obtained transform
limited pulse trains with an amplified output power exceeding 2 W. Furthermore,
relative intensity noise measurements show that no significant noise degradation
occurs during the amplification process.

1. — Introduction

In the last decades, high-peak power and low-noise optical pulses with high-repetition
rates (larger than 100 MHz) in the near-infrared spectral region gained attention for
their multiple applications in several fields of industrial, defense, and scientific appli-
cations [1-3]. Low intensity noise pulses can be generally obtained using low-power
oscillators with high-repetition pulse rate and high-quality factors. To further increase
the average output power without intensity degradation, low intensity noise ultrafast
optical amplifiers have to be developed [4].

In this framework, ytterbium-doped fibers are good candidates as amplifiers gain
media, thanks to their ability to amplify radiation over the very broad wavelength range
(from 975 to 1200nm) [5]. Furthermore, Yb3* shows a quite simple energy structure,
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resulting in a quasi-three-level scheme. Indeed, in the 4f'3 electronic configuration only
two level manifolds are relevant: 2F; /2 and 2Fs s2- The first one acts as ground state,
while the second as excited state. Both manifolds are split respectively into four and
three Stark sub-levels [6]. The energy gap between them belongs to the near-infrared
spectral region, while upper energy levels are in the deep-ultraviolet range. Therefore,
an Yb amplifier does not present excited-state absorption and many other deleterious
energy transfer processes found in systems based on different dopants such as neodymium
(Nd3*+), erbium (Er3*) and thulium (Tm3*) [7]. To increase the amplifier efficiency,
innovative fiber designs and pumping configurations have been studied in the last decades.
In particular, in the cladding pump scheme the pump is launched in the fiber cladding
instead of the doped core [8]. In this way, the pump is gradually absorbed by the active
core, but propagates in a widely larger region, allowing the use of high-power multimode
diode lasers. This approach enhances the pump coupling efficiency, while alignment
becomes uncritical. In the next sections we will present compact, low-cost cladding-
pumped ultrafast Yb-doped fiber amplifiers operating at room temperature. Firstly,
sect. 2 shows the most relevant equations for Yb-fiber amplifiers whereas the next sects. 3
and 4 report on the designed experimental setups and the complete characterization of
our amplifiers, respectively. Then we summarize the results in the conclusions section.

2. — Amplifier equations

The amplifier we present in this paper is based on a double-clad Yb-doped fiber. As
mentioned above, these fibers behave as quasi-three-level systems whose emission and
absorption cross sections and energy levels are shown in fig. 1.

Here the ground state is the sub-level Sy, the excited state is the sub-level U; and
from there ions decay on level S;. The transition S;-S occurs by a fast non-radiative
process, so it is possible to write the total density of Yb3t ions as Nypor = Ny + Na,
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Fig. 1. — Left, Yb-doped silica fiber emission and absorption cross sections [5]. Right, quasi-
three level structure of Yb3*: the pump radiation at 970 nm excites the transition from the Stark
sub-level Sy to Ui. The amplification occurs when from such sub-level the electrons radiatively
decay on the Si sub-level generating a photon at a wavelength of 1030 nm.
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where N7 and Ny are respectively the Sy and U; populations, neglecting S;. Given this

assumption, the amplification process in the fiber is governed by the following spatio-
temporal equations [5]:
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In egs. (1), (2), (3) the subscripts p and s indicate respectively the pump and the seed
signal, o. and o, are the emission and absorption cross sections (fig. 1), 7 represents
the spontaneous decay time from the excited energy level (typically ~0.8ms), A, and
As are the pump and seed wavelengths, while I', and I's are the spatial overlap factors.
These latter elements are particularly important for double-clad fibers, where the Yb3*
ions are present only inside the core and not in the cladding. For this reason, only
a part of the pump profile (guided in the cladding) interact with the doping. At the
same time, the seed radiation is not perfectly confined in the core area Ay, SO a small
correction is needed. Assuming a step-index fiber profile, a flat-top pump beam and
a Gaussian mode for the seed, the overlap factors are I's = 1 — exp(—2Acore/Amode)
and I') = Acore/Aciadding [9]. Equations (1), (2) and (3) can be numerically solved in
the steady-state condition and allow to simulate the amplifier performances for different
fiber parameters and coupled power.

The equations above describe a quite simple model, but in certain cases a more
complete description may be required. In particular, the Amplified Spontaneous Emission
(ASE) should be taken in account in specific situations, as well as ions quenching or
radiative emission by Yb3* dimers, trimers and tetrames (especially in strongly doped
fibers). Examples of such complex equations can be found in refs. [7] and [9].

3. — Experimental setup

The optical amplifiers we developed are based on 1.8 m long polarization maintaining
highly doped double-clad active fiber (Liekki Yb1200-10/125DC-PM) with a core diam-
eter of 10 um, a pump cladding diameter of 125 um, and a peak cladding absorption of
6.5dB/m at 976 nm pump wavelength. The active fiber is pumped by a commercially
available laser CW diode at 976 nm with 6 W of power in forward configuration, while
the seed pulses are generated by the Yb:CaGdAlO [10] SESAM mode-locked source at a
central wavelength of 1040 nm with a duration of 71 fs, 160 MHz repetition rate, and an
average power of 50mW.

The first experimental configuration we realized and studied is sketched in fig. 2. At
the laser output a low-power Faraday isolator (FI1) is positioned to protect the laser
from dangerous reflections. Since the launches in the Yb-fiber of the seed and the pump
are performed by the same lens (L4), their beam diameters must be adjusted to reach
the correct dimension inside the fiber. To this aim, a telescope made of two lenses, L1
and L2, is positioned after FI1. The focal lengths of the lenses are 25 mm and 70 mm,
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Fig. 2. — Experimental setup of the unstretched pulses configuration. M: mirror; FI: Faraday
isolator; L: lens; HWP: half-wave plate; DM: dichroic mirror; BD: beam dumper; G: grating.

respectively, and the magnification factor of the telescope is about 2.8 for a distance
between the lenses equal to 95 mm. In this way, the beam diameter —initially 1.4 mm—
becomes 2 mm, namely the value we desire for an optimal launch in the Yb fiber using
L4. After the telescope, there is another high-power Faraday isolator (FI2). This is
needed to avoid positive feedbacks in the amplifier caused by the telescope lenses which
could be dangerous for the amplifier itself because they could lead to unwanted parasitic
lasing. Then the beam is sent to a couple of golden mirrors, which are useful to manage
the beam tilt. Before the launch there are also a half-wave plate and a dichroic mirror
(HWP and DM). The HWP rotates the seed polarization to tune it according to the
polarization-maintaining axis of the doped fiber, while the dichroic allows the alignment
between the seed and the pump, after the pump beam collimation via L3. After the
alignment on the dichroic mirror, both pump and seed are launched in fiber by a 30 mm
focal length lens (L4). The alignment between the lens and the fiber is performed by
a 3D movable mount where the lens L4 is fixed. A similar component is used for the
output collimation for L5.

At the fiber input, the seed power is 14 mW, since part of it has been lost by the
Faraday isolators, the mirrors and the lenses. On the other hand, the pump diode power
can easily reach tens of watts, but it is limited only up to 6 W to avoid fiber damaging. At
the fiber output there is a collimation lens (focal length of 19 mm) and a dichroic mirror
useful to separate the amplified seed from the residual pump. Then a half-wave plate is
positioned to control the polarization before the recompression stage. The recompression
stage is needed to compensate for the normal group velocity dispersion of the active fiber.
At the fiber output the measured pulse length is 1.66 ps against the input pulse duration
of 7T1fs.

A couple of transmission gratings (Wasatch Photonics, 800 grooves/mm) at a distance
of 1.12cm at 24 degrees allows a complete recompression to 71fs in a double passage,
with a power efficiency of 55%.
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Fig. 3. — Experimental setup of the stretched pulses configuration. M: mirror; FI: Faraday
isolator; HWP: half-wave plate; QWP: quarter-wave plate; ST: VBG stretcher; L: lens; DM:
dichroic mirror; BD: beam dumper.

We also studied an experimental configuration in which the laser pulses are filtered
in bandwidth and stretched in time before fiber launch (fig. 3). Such kind of systems
are preferable when avoiding nonlinear effects during the amplification is strictly manda-
tory. To stretch the pulses, we use a Volume-Bragg-Grating (VGB) stretcher: it is an
optical component in which different wavelengths are reflected at different depths inside
it, providing a chirp in frequency and a temporal stretching that allow to reach a time
duration of 170ps. It is worth noting that due to the VGB small spectral bandwidth
—5nm centered at 1029 nm— only a part (~10%) of the laser spectrum is selected and
stretched. In this way, also a part of the seed power is lost before the Yb fiber, where only
2.4mW are coupled. As shown in fig. 3, the VBG is positioned after the first Faraday
isolator. A system made by a half-wave plate, a quarter-wave plate and a Polarizing
Beam Splitter is employed to deviate the pulses after the VGB reflection and temporal
elongation. Then, the laser pulses follow the same optical path of the previous setup,
except for the recompression stage. In principle, it is possible to recompress the pulse
after the amplification process with a second VGB, but we simply demonstrated the
amplification without recompression.

4. — Amplifier performances

The more relevant experimental results are exposed in the following section. In par-
ticular, for both the configurations we report the amplifier output power as a function
of the pump power, the gain and the output power dependency on the seed power (at
fixed pump power), the pulses spectra and —only in the unstretched pulses case— a
comparison between the autocorrelation of the laser pulses and the amplified pulses after
the recompression process. Finally, Relative Intensity Noise (RIN) measurements are
presented. Power characterizations have been performed by a commercially available
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Fig. 4. — Left, amplified pulses spectrum in the unstretched configuration. Right, amplified
pulses spectrum in the stretched configuration.

thermal power sensor (Coherent LM10), the RIN data have been acquired using an elec-
trical spectrum analyzer (Agilent E445A) reading a signal from a fast InGaAs avalanche
photodetector (Thorlabs APD430C /M), while the pulse length have been measured with
a non-collinear second-harmonic autocorrelator (Femtochrome FR103XL).

Firstly, we characterized the output spectra for all the experimental configurations.
Figure 4 shows the recorded output spectra together with the spectra of the input seeder.
In particular the full laser spectrum (FWHM = 22nm) is drawn on the left, while the
spectrum of stretched pulses (FWHM = 5nm) is represented on the right. A partial
deformation in spectra profiles is noticeable and a small shift in wavelength for the
unstretched pulse can ben observed. The blueshift is explained by a higher value of
the emission cross section (see fig. 1) at 1030nm than at 1040 nm, which advantages
the amplification of spectral components at lower wavelengths resulting in a shift of the
whole spectrum profile. Regarding the deformation effects, they are due to nonlinear
effects in fiber, e.g., self phase modulation [11]. Nonlinear phenomena are more evident
in the unstretched configuration, where the pulses peak power is higher than in the
stretched case. Nevertheless, nonlinear effects do not compromise the pulses quality and
the conserved symmetry is largely enough to fully recompress the pulses.

The effectiveness of the recompression process is demonstrated in fig. 5, where both
the input seed and amplified pulses autocorrelations are plotted. The gratings pulse
compressor compensates the dispersion broadening experienced by the pulses passing
through the Yb fiber and the other optical elements in the experimental setup. The
measured autocorrelation FWHMs are both equal to 109fs. Successively, the FWHMs
are divided by 1.54, because the pulses shape has been approximated to a sech? [12].
As a result, the two measured pulses are ATpyscs = 71fs. Anyway, a small third-order
contribution is visible in the recompressed pulses autocorrelation, as symmetrical wings
on the sech? tails. However, such contribution was not relevant to our purposes, because
we are still able to retrieve the initial pulse duration.

For what concerns the power performances characterization, figs. 6 and 7 give a com-
plete picture both in terms of output power and optical gain.

Figure 6 shows the power and gain curves for the unstretched configuration. Looking
at fig. 6(a) (on the left) it can be noticed that the output power increases approximately
linearly with the pump power. The maximum provided pump power is 6 W (no higher
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Fig. 5. — Intensity autocorrelations of the laser output and after the recompression. In both
measures the pulse temporal length is 71 fs.

power has been tested, in order to avoid damages to the doped fiber), corresponding to a
maximum output power of 2.6 W. With a seed input power of 14 mW, the amplifier gain
is 22.7dB. However, higher amplification gain is reached when the seed power is lower.
The complete gain plot is drawn in fig. 6 on the right, as well as the output power as a
function of the seed power. The input power has been modulated by a variable neutral
density filter keeping the pump power fixed to 5.4 W, then the output power and the
amplifier gain have been acquired. Even though the output power decreases when the
seed power is lower, the amplifier gain enhances to 32.3 dB when the seed power is 1 mW,
showing a saturating behavior when the seed power increases.

The same measurements are performed for the stretched pulses configuration as re-
ported in fig. 7. Although we find substantially the same behavior for output power,
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Fig. 6. — Unstretched pulses configuration. Left, amplifier output power as a function of the
pump power. Seed average power maintained to 14mW. Right, amplifier output power (left
axis) and gain (right axis) as a function of the seed power. Pump power maintained to 5.4 W.
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Fig. 7. — Stretched pulses configuration. Left, amplifier output power as a function of the pump
power. Seed average power maintained to 2.4mW. Right, amplifier output power (left axis)
and gain (right axis) as a function of the seed power. Pump power maintained to 5.4 W.

some differences in the amplifier gain can be found. In fact, fig. 7 shows on the left
that the maximum output power is 2.4 W, which is quite similar to the highest power
in fig. 6(a), although the seed power is six times lower (2.4mW). Looking at fig. 7(b)
(right) we find that in this case the gain is 41 dB and also for lower seed power values the
gain remains approximately one order of magnitude higher than in the unstretched case.
From these plots it is clear that the amplification process is more efficient for stretched
laser pulses due to the narrower pulse bandwidth of the configuration with respect to the
unstretched one.

In addition, it is worth noticing that there is a saturating trend of the output power
in both figs. 6(b) and 7(b). For the stretched pulses curve such behavior is more evident:
when the seed power becomes higher than 1.2 mW the curve clearly flattens. It is worth
noting that operating in saturation regime gives important benefits in terms of signal
noise degradation during the amplification. Such advantages have been described by
Zhao et al. in ref. [13]. Consequently, it is crucial to maintain the seed power close to
the saturation to keep a low intensity noise of the amplified pulses. Figure 8 shows the
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Fig. 8. — Relative Intensity Noise measures on the seed signal, on the pump signal and on the
amplified signal in both stretched and unstretched configuration. Pump power is fixed to 6 W.
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measured RIN spectra of the amplifier pump diode, of the seed laser, and of the amplified
pulses. Even if the amplifier pump noise is on average 20 dB higher than the laser source
noise, it does not degradate the signal outgoing the saturated amplifier, that remains low
in all the studied configurations. All RIN spectra refer to a pump power equal to 6 W.
Only a couple of low-frequency noise peaks (100Hz and 110Hz) are transferred from
the pump to the amplified seed, but their contribution on the considered bandwidth is
quite negligible. Aside this exception, the seed traces before and after the amplification
describe the same decreasing trend from —70dB/Hz at 1Hz to less than —100dB/Hz
around 10kHz and then they maintain this low value before approaching the floor level
at 10° Hz.

5. — Conclusions

In this paper we described the design and characterization of a compact and low-cost
double-clad Yb-doped fiber amplifier, testing its performances in two different experi-
mental configurations. For each setup, amplified power, spectra, optical gain, and RIN
measurements have been presented. In both configurations low intensity noise pulses
have been demonstrated with average output power higher than 2 W and transform lim-
ited pulse duration as short as 71fs. In conclusion, we provided a low-cost and powerful
setup suitable for a wide variety of ultrafast optical systems and experiments.
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