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Tailoring the properties of the driving laser to the need of applications often requires compromises among laser
stability, high peak and average power levels, pulse duration, and spectral bandwidth. For instance, spectroscopy
with optical frequency combs in the extreme/visible ultraviolet spectral region requires a high peak power of the
near-IR driving laser, and therefore high average power, pulse duration of a few tens of fs, and maximal available
spectral bandwidth. Contrarily, the parametric conversion efficiency is higher for pulses with a duration in the
100-fs range due to temporal walk-off and coating limitations. Here we suggest an approach to adjust the spectral
characteristics of high-power chirped-pulse amplification (CPA) to the requirements of different nonlinear fre-
quency converters while preserving the low-phase-noise (PN) properties of the system. To achieve spectral tun-
ability, we installed a mechanical spectral shaper in a free-space section of the stretcher of an in-house-developed
ytterbium-fiber-based CPA system. The CPA system delivers 100 W of average power at a repetition rate of
132.4 MHz. While gaining control over the spectral properties, we preserve the relative-intensity-noise and
PN properties of the system. The high-power CPA can easily be adjusted to deliver either a spectrum ideal
for mid-IR light generation (full width at half maximum of ~11 nm, compressed pulse duration of 230 fs)
or a spectrum ideal for highly nonlinear processes such as high-harmonic generation (—10dB level of
>50 nm, transform-limited pulse duration of ~65 fs).

Published by Chinese Laser Press under the terms of the Creative Commons Attribution 4.0 License. Further distribution of this work
must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI.
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1. INTRODUCTION

Yb:fiber laser amplifiers are known for their reliability, stability,
simplicity, and scalability to high average and peak powers
[1-4]. The fiber geometry and low quantum defect of Yb ions
ease the thermal management of the system and allow it to

reach hundreds of Watts of average power [5-9]. The develop-

amplification (CPA) [1,5,10,11] and nonlinear self-similar am-
plification (SSA) approaches [12—14]. Thus, CPA systems
based on a single large-pitch rod-type PCF deliver up to 400 pJ
of pulse energy at a 0.5-MHz repetition rate [11], while coher-
ent combining of multiple rod-fiber-based CPAs resulted in m]
pulses and kW-level average power [6,9]. Among the applica-

ment of large-mode-area (LMA) and large-pitch photonic
crystal fibers (PCFs) paved the way to high-energy and
high-peak-power systems, based on both linear chirped-pulse
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tions of Yb-doped fiber lasers are micromachining and material
processing [15], laser-wakefield particle acceleration [16], rang-
ing [17], and various types of spectroscopy. In particular, they
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are attractive as femto- and picosecond pump sources for the
generation of broadband frequency combs in the extreme/vis-
ible ultraviolet (XUV/VUV) [1,18-20], mid-IR [21,22], and
THz [23] spectral regions, containing multiple electronic
and ro-vibrational transitions. On one hand, generation of
broadband coherent XUV/VUV pulses requires high-intensity
pump pulses with a duration of the order of tens of fs, and
therefore a broad spectrum [24,25]. On the other hand, para-
metric conversion efficiency from the pump laser frequency to
the mid-IR grows with the length of the nonlinear crystals but
suffers from a temporal walk-off between ultrashort pulses
[21,26,27]. Chirping of the pump pulses to a few hundred
fs partially solves the problem, but significantly affects the
bandwidth and duration of the frequency-downconverted
pulses [28]. Moreover, in some cases, the spectral bandwidth
of the pump laser is limited by the availability and costs of di-
electric optics [chirped mirrors for optical parametric oscillators
(OPOs), diffraction gratings, etc.], as well as by the spectral
acceptance of the nonlinear crystals [29,30]. Finally, spectrally
tunable pump lasers are of interest for optical parametric
chirped pulse amplifiers (OPCPAs), which are often based
on sophisticated dispersion management of the seed (signal)
pulses leading to wavelength-rigid behavior [31]. Here, chang-
ing the pump wavelength by tens of nm can significantly alter
the spectrum of the generated idler pulses [32]. Therefore, in-
dependent additional control of the pulse duration and the
spectral bandwidth of the pump laser is desirable.

The pulse duration of modern CPA and SSA systems is close
to its transform-limited value as defined by the spectral band-
width. The spectral bandwidth is often restricted to several
nanometers and hundreds of fs, respectively [11], caused by
gain narrowing and apertures of dispersive elements. Using
larger-scale diffraction gratings and taking care of the higher
orders of dispersion allow for generating pulses with an average
power of ~100 W and a duration of 120-180 fs [1,10,33-35].
Dispersion management based on adjusting the lengths of dif-
ferent types of fibers [35], employing third order compensators
[1], or pre-chirping pulses with a combination of gratings and
prisms [34] was previously demonstrated. However, the gener-
ation of shorter pulses in Yb-based systems requires nonlinear
spectral broadening and post- or self-phase compensation,
which can be implemented either together with the laser am-
plification stage [12,14,25,34], or afterwards, using thin plates
[36], gas-filled multi-pass cells [37,38], or passive PCFs
[39,40]. Systems based on SSA and nonlinear amplification
can deliver pulses with a duration of 40-90 fs and a bandwidth
of several tens of nm at average powers of 50-100 W. However,
working in the nonlinear regime leads to an increased risk of
optical damage [25] and coupling of relative intensity noise
(RIN) to the fluctuations of the spectral phase and bandwidth,
potentially affecting the comb properties of the system. An
external nonlinear spectral broadening stage, in turn, also in-
creases the overall noise of the system, as well as its complexity,
footprint, and costs [41,42].

Besides the high level of peak and average powers, the gen-
eration of frequency combs in all spectral regions via nonlinear
processes demands excellent stability of the pump lasers. The
characterization of RIN and phase noise (PN) through the
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whole amplification system is necessary for the implementation
of adequate stabilization. While the RIN of the Yb:fiber CPA is
dominated by the RIN of the pump diode of the last amplifi-
cation stage [43], careful optimization of thermo-optical and
optomechanical properties of the system and minimization
of the B-integral allow preserving PN properties of the seed
laser. Therefore, optimizing the seed laser noise performance
is an unavoidable first step in the design of high-power pump
systems. For fiber oscillators based on a nonlinear amplifying
loop mirror (NALM) and nonlinear polarization evolution
(NPE), optimal noise performance can be achieved in the
stretched-pulse regime corresponding to close-to-zero, slightly
negative net-cavity dispersion [44,45]. A change in the
dispersion regime leads to a change in the seed laser spectrum,
which influences the spectrum of the consequent CPA stages.
Previously, the attempts to correct the seed spectrum were done
by mechanically shaping the round-trip gain of the oscillator
[46—48], or by inserting a narrowband filter in the cavity
[49]. In Refs. [46,47] a mechanical beam block was installed
in the free-space section of the NPE and NALM lasers, where
the spectrum is spatially dispersed, which was used to spectrally
split the round-trip gain of the resonator into two separated
regions. This, in turn, resulted in the generation of two inde-
pendent pulse trains circulating in the cavity with slightly dif-
ferent repetition rates (which can be exploited in dual-comb
spectroscopy) and naturally having different net-cavity disper-
sions. In Ref. [48], an NPE laser operated at large normal group
velocity dispersion (GVD), and the mechanical spectral filter
was also inserted in a spatially dispersed part of the free-space
section of the laser resonator. In this case, the filter blocked the
spectral components at the blue edge of the spectrum, which
lead to a clipping of the tail of the chirped pulses in the time
domain, effectively shortening their duration inside the cavity.
That way, operation in a stable mode-locking regime was en-
sured. However, each filter position required a simultaneous
readjustment of the NPE wave plates in the laser cavity. In
Ref. [49], the spectrum of the all-normal-dispersion laser
was narrowed using a bandpass filter, which led to a certain
improvement in the noise properties. However, its performance
still cedes to the performance of the NPE/NALM lasers, oper-
ating in the stretched-pulse mode-locking regime.

Here, we present a simple technique to obtain spectral tun-
ability for a typical high-power CPA system while preserving
the optimal noise performance of the seed laser. Our approach
is fast and does not require additional, often time-consuming
adjustments of the elements in the seed laser cavity, such as
wave plates or a grating pair. The laser system is depicted in
detail in Fig. 1 and consists of an oscillator [44], a free-space
Martinez-type grating stretcher, a 110-m fiber stretcher, a
three-stage fiber-based amplifier, and a grating compressor.
Each amplification stage is based on a different type of readily
available active fiber, making our results easily applicable to
other Yb:fiber-based laser systems.

2. LASER SYSTEM

A. Oscillator and Stretcher
For the oscillator, we chose a design that provides the oppor-
tunity to stabilize the repetition rate with a piezo-actuator
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Fig. 1. Scheme of the CPA system: (a) NALM “figure-9” oscillator, having design similar to Ref. [44] and repetition rate of 132.4 MHz; (b) free-
space Martinez-type and 110-m fiber stretcher; (c) pre-amplifier; (d) double-clad LMA-based first power amplifier; (e) large-pitch rod-type PCF-
based second power amplifier. FI, optical isolator consisting of two crossed polarizers and a Faraday rotator; DM, dichroic mirrors with HR coating
for 976 nm and AR for 1030 nm; HWP, half-wave plates; PD, pump diodes; L;, L,, identical rectangular-shaped cylindrical lenses with / = 5 cm;
Ls, Ly, rectangular-shaped cylindrical lenses with f3 = 2.54 cm, f, = 5 cm; Ls, outcoupling lens, f* = 2.54 cm; L, incoupling lens, f* = 6 cm;
L,, pump in-coupling and laser out-coupling aspheric lens, f = 2.6 cm; Lg, pump collimating aspheric lens, f = 3.2 cm; Ly, L;, telescope,

f9 =-100 cm, f; =300 cm.

mounted on the cavity end mirror. The design is referred to
as a “figure-9” configuration [50] and is based on an all-
polarization-maintaining (PM) NALM with a 40-cm-long
Yb-doped single-mode PM gain fiber (CorActive-Yb-401-PM),
asymmetrically placed in the loop [see Fig. 1(a)]. Based on pre-
vious studies [44,45,51], we chose the stretched-pulse opera-
tion regime near-zero cavity dispersion, providing the lowest
free-running RIN and PN, as well as the narrowest carrier—
envelope offset frequency linewidth. In this regime, the oscil-
lator, pumped with ~300 mW power by a fiber-Bragg-grating
(FBG) stabilized diode with a central wavelength of 976 nm
(Thorlabs BL976-PAG900), produces broadband pulses with
a peak at around 1070 nm and a pulse energy of ~200 p]J at
the fundamental repetition rate of 132.4 MHz [Fig. 2(c)]. Note
that even though the laser repetition rate differs from previous
work [44], the general design and mode-locking regime remain
similar to Ref. [44].

The pulses were characterized with a second harmonic gen-
eration frequency-resolved optical gating (SHG-FROG) appa-
ratus based on a type-1 50-pm-thick BBO crystal. Operating in
a close-to-zero slightly negative cavity dispersion regime, the
pulse is stretched and compressed at different positions within
the cavity. In the case of our laser, the pulse is extracted with a
negative chirp and a duration of ~1 ps [Fig. 2(a)]. The oscil-
lator is assembled on a separate breadboard, dispatched from
the optical table, and mounted on Sorbothane isolators (vibra-
tion absorbing rubber feet) to avoid transfer of mechanical
vibrations and acoustic noise from the environment to the seed
laser. To avoid nonlinearities and prevent beam-pointing insta-
bilities, we used a short out-coupling fiber (L~ 0.2 m,
Thorlabs PM-980) and inverted the sign of the chirp of the
laser pulses in a free-space stretcher. The stretcher has a
Martinez configuration and consists of two transmission dif-
fraction gratings (T-1600-1030s, LightSmyth Technologies),
two cylindrical lenses with £}, = 50 mm, and a silver mirror
retroreflector [Fig. 1(b)]. The pulses before the stretcher have a
pulse duration of ~800 fs, a negative chirp, and a power of
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Fig. 2. Spectral-temporal characterization of the pulse from the os-
cillator and after free-space stretcher. (a), (b) Temporal envelope and
phase retrieved from the SHG-FROG traces. (c) Spectrum measured
with AQ6315A Ando Yokogawa spectrometer (solid black line) and
retrieved from SHG-FROG traces (shaded gray area); the solid orange
lines in (a) and (c) correspond to the phase from the oscillator (retrived
from FROG), and the solid green lines in (b) and (c) to the pulses after
the stretcher.

25 mW (180 p]J); the pulses after the stretcher have a positive
chirp, a duration of ~1.5 ps at FWHM and ~3 ps at the rms
(root-mean-square) level [Fig. 2(b)], and a power of ~15 mW
(108 p]J). After the stretcher, we inserted a cylindrical lens tele-
scope (f3 =25.5 mm, f, =50 mm) to compensate for
beam astigmatism, and a collimator to couple the pulses to
the fiber stretcher and the first two amplification stages. The
fiber stretcher consists of ~110 m fiber (Thorlabs PM-980)
and stretches the pulses to ~110 ps duration at the rms level

[Figs. 3(c) and 3(e)].
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Fig. 3. (a) Spectra after the slit-type aperture; (b), (c) calculated

IFFT pulse shape after free-space (b) and fiber stretchers (c) at different
widths of the slit-type aperture; the spectra were numerically smooth-
ened for easier readability. (d), (e) Seed pulse duration at rms level after
free-space (d) and the 110-m fiber stretchers (e) in dependence of the
cutoff of the spectral red wing.

B. Spectral Filter

To achieve spectral tunability, we installed a slit-type aperture
into the imaging plane between lenses L, and L, of the free-
space stretcher [Fig. 1(b)], where the spectrum is spatially dis-
persed and the beam is collimated. It allows us to control the
spectral width by changing the opening of the slit. Note that,
similar to the case of a high-energy low-repetition-rate CPA
[52], the shape and the position of the mechanical element
can be chosen arbitrarily, which allows us to tailor the seed spec-
trum to a particular task (such as, shifting the central wave-
length to avoid gain narrowing). Simultaneous to changing
the spectrum, we act on the temporal shape and duration of
the pulse. To estimate this influence, we mapped the spectral
domain into the temporal domain by performing an inversed
fast Fourier transformation (IFFT) on the cropped spectra
[Fig. 3(a)] with the calculated group delay dispersion
(GDD) and third order dispersion (TOD) of the fiber stretcher
and the phase retrieved from the FROG traces, as measured
after the free-space stretcher [Figs. 2(b) and 2(c)]. The results
are presented in Fig. 3 and show that cutting spectral compo-
nents in the low-intensity tail after 1080 nm does not signifi-
cantly influence the pulse duration. Further closing the
aperture and corresponding to a wavelength cutoff of 1065 nm
leads to a linear decrease of the rms-level pulse duration to
~80 ps after the fiber stretcher and ~2.4 ps after the free-space
stretcher, respectively [Figs. 3(a) and 3(b)]. Afterwards, a
change in the pulse shape occurs [a double peak appears instead
of the single one, as shown with the light yellow line in
Figs. 3(c) and 3(d)]. It results in an artificial “elongation” of the
pulse duration after the fiber stretcher to ~120 ps. However,
with further narrowing of the spectral bandwidth, the duration
again linearly decreases to ~50 ps if the red wing of the spec-
trum is cut at ~1035 nm. In our work, we decided to limit the
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cut wavelength to ~1045 nm, where the pulse duration after
the fiber stretcher is ~90 ps.

C. Amplification Chain

The amplifier system consists of three stages: (i) low-power pre-
amplifier [Fig. 1(c)]; (ii) first power amplifier based on a flexible
double-clad LMA fiber [Fig. 1(d)]; (iii) second power amplifier
based on a rod-type large-pitch PCF with distributed mode fil-
ter design [Fig. 1(e)] [53,54]. The first two amplification stages
have an all-fiber design and are spliced directly to the output of
the fiber stretcher.

The pre-amplifier stage is based on a Yb-doped single-clad
PM gain fiber (YB 401-PM, CorActive High-Tech, Inc., length
of 0.5 m) and pumped by an FBG-stabilized laser diode at
976 nm (Thorlabs BL976-PAG700). The pump is delivered
to the active fiber using a PM filter wavelength division multi-
plexer (PMFWDM, Advanced Fiber Resources, Ltd.).

The active element in the second stage is a 2-m-long double-
clad fiber (Yb1200-10/125DC-PM, nLight), pumped by a
20-W conduction-cooled fiber-coupled diode laser module at
976 nm, which is connected to the active fiber via a PM pump
and signal combiner (PMMPC, Advanced Fiber Resources,
Ltd.). The output tip of the double-clad fiber is angularly
cleaved (8°) to prevent amplification of the Fresnel backreflec-
tion. The tp is placed on an XYZ translation stage, and the
amplified laser light is outcoupled from the fiber with an
f =25.4 mm lens, tlted to compensate for the effect of
the angular cleavage. The residual unabsorbed pump is filtered
out using a dichroic mirror.

After passing through a half-wave plate (HWP) and a
Faraday isolator, a beam with a diameter of ~2.3 mm (mea-
sured at the position of the coupling lens) is focused by an
f = 60 mm lens on the input facet of the rod-type large-pitch
PCF (aeroGAIN-ROD module, NKT Photonics Inc.) with a
mode diameter of ~55 pm and a length of 80 cm. Here, we
purposely avoided building the 4-f imaging system between
the two fiber amplifiers to reduce the influence of higher-order
modes. The rod fiber is backside-pumped (to minimize non-
linear phase accumulation) by a 240-W conduction-cooled fi-
ber-coupled laser diode at 976 nm (DILAS Diodenlaser
GmbH). The pump light is delivered from the diode by a
200-pm step-index multimode fiber with a numerical aperture
of 0.22 and collimated by an aspheric f = 32 mm lens. The
residual pump is partially dumped on a water-cooled annular
beam block before the seed-coupling lens [1]; the rest is filtered
out by a dichroic mirror before the input facet of the rod fiber
and dumped on another water-cooled beam stopper. The
polarization of the seed light launched into the rod fiber is
aligned with the birefringent axes by another HWP. After
the rod fiber, the beam goes through an aspheric lens with a
focal distance of f = 26 mm, optimized for pump coupling,
and through a beam expander, consisting of two lenses with
focal distances of f = -100 mm and f = 300 mm. After
the telescope, there is an HWP and a Faraday isolator. The
pulses are recompressed in a grating compressor, consisting of
two diffraction gratings (T-1600-1030s Series, LightSmyth
Technologies) with a groove density of 1600 lines/mm, work-
ing in transmission, and optimized for 1030 nm central wave-
length at 55.5° angle of incidence (transmissivity of ~95% for



Research Article ) “ - Vol. 10, No. 10 / October 2022 / Photonics Research 2313
| —

the first order diffracted light). Another HWP is installed in
front of the compressor to maximize the power throughput.

3. RESULTS

A. CPA Performance and Spectral Tuning

Having a broadband seed spectrum with a center of gravity out-
side of the amplification maximum of the Yb gain allows us to
generate broadband spectra with ~50 nm bandwidth at 10%
from the maximum level after each amplification stage, sup-
porting ~65 fs Fourier transform-limited pulse duration
[Figs. 4(c)—4(e)]. The power levels achieved at each stage are
around 0.35 W, 9 W, and 100 W (£ =~ 0.75 pJ) at the corre-
sponding pump powers of 0.78 W, 18.5 W, and 180 W
[Figs. 4(a) and 4(b)] and conversion efficiencies of 45%,
47%, and 54%, respectively. The spectral bandwidth of the
100 W CPA system reported here is comparable with state-
of-the-art fiber-based SSAs, where spectral dynamics is gov-
erned by nonlinear processes such as self-phase modulation
(SPM), self-steepening, and stimulated Raman scattering
(SRS) [25,34]. However, in contrast to the nonlinearly broad-
ened spectra of SSA schemes [12,13,25], the spectrum from
CPA systems is smooth and does not exhibit interferences,
which are typical for SPM and SRS [Figs. 4(c)—4(e)].

We measured the spectra, power, and beam profiles after
each power amplification stage (Fig. 4), as well as the spectra
after the pre-amplifier, at different widths of the slit aperture in
the stretcher. These different widths correspond to different
seed spectra (see also Fig. 3). We did not notice a significant
difference in the conversion efficiency of the double-clad-fiber
amplifier. For the rod-fiber amplifier, the maximum conversion
efficiency of 56% was achieved at the narrowest seed spectra,
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Fig.4. Power slopes of the double-clad-based second stage amplifier
(a) and the rod-fiber-based third stage amplifier (b) seeded by different
spectra [blue circles correspond to a fully opened slit aperture in the
stretcher and the broadest seed spectra, green diamonds to the narrow-
est spectrum in (c)—(e) and the narrowest seed spectra]. Spectra with
(orange line) and without (blue line) spectral filter (slit) inserted in
the free-space stretcher after: (c) preamplifier (P, = 300 mW);
(d) first power amplifier (Py, =9 W); (e) second power amplifier
(Poue = 100 W) normalized on the integral area under the curve.
Spectra are measured with an AQG6315A Ando Yokogawa spectro-
meter. Note the logarithmic intensity scale.

since it falls into the maximum of the Yb-gain curve and the rod
fiber itself is optimized for the 1030-1040 nm spectral region.

After the rod fiber, the beam was expanded to a diameter
of ~3 mm and collimated with a two-lens telescope (f, =
-100 mm, f, = 300 mm), and passed through an HWP, a
thin film polarizer, and a metal iris, to filter out the residual
light from the cladding and to clean the polarization. The spec-
trally narrowed pulses were recompressed in the grating com-
pressor and characterized with an SHG-FROG apparatus. The
pulses have a duration of ~230 fs and a smooth temporal
envelope, containing ~90% of the power under the main peak
(see Fig. 5). The transmissivity of the compressor is ~74%,
which results in a peak power of 2.2 MW.

B. Noise Measurements and Analysis

We have examined the PN properties of the system using a
signal source analyzer (Rohde&Schwarz FSWP-8) with a
frequency range from 1 MHz to 8 GHz and an InGaAs
photodiode (Thorlabs DET08CL) with 5 GHz bandwidth,
connected to the signal source analyzer via a 50-Q RF termi-
nator where necessary. The measurements were performed in a
highly attenuated tightly focused beam to prevent detector sat-
uration. The PN was characterized using the 15th harmonic of
the laser repetition rate as the carrier frequency and renormal-
ized afterwards to the laser repetition rate [55]. The measure-
ments were performed in a single-sideband mode with 2000
cross-correlations. For each frequency segment, the resolution
bandwidth factor was 1% [55].

The RIN measurement was performed as a baseband mea-
surement using the same signal source analyzer and a Si detec-
tor (Thorlabs PDA36A-EC) with a bandwidth of 10 MHz
(f348)> 200 cross-correlations, a sufficiently small mode,
and a resolution bandwidth factor of 1% for each frequency
segment as above.

We compared the PN and RIN of the oscillator (black
curves in Fig. 6) and of the amplifier after the grating compres-
sor with (blue curves in Fig. 6) and without (green curves in
Fig. 6) the slit-type aperture in the free-space stretcher. The PN
of the oscillator is preserved in the CPA for Fourier frequencies
up to 200 kHz, after which minor deviations (<5 dB) are ob-
served [Fig. 6(b)]. At the same time, the RIN of the system
differs significantly from the oscillator and, as expected, is de-
fined mainly by the RIN of the pump diode of the final
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Fig. 5. (a) Spectral intensity and phase, as well as (b) temporal
envelope and phase of 100-W pulses retrieved from SHG-FROG
traces. Filled gray areas correspond to the spectrum of the 100-W
pulses measured with an AQ6315A Ando Yokogawa spectrometer
(a) and to a calculated Gaussian pulse with the same duration as

the duration of the retrived pulse from the FROG trace (230 fs) (b).
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Fig. 6. (a) RIN and (b) single sideband (SSB) PN power spectral

density (PSD) measured for the oscillator (black line); broadest (blue
line) and narrowest (green line) seed pulses after amplification to
100 W, and the pump diode of the last amplification stage (purple

line).

amplification stage up to 50 kHz [Fig. 6(a), purple curve] [43].
The pump RIN is coupled to the amplifier via fluctuations of
the population of the upper level, which take place at the
frequencies below the corner frequency [56]. Note that the
narrow spikes in the PN and RIN spectra originate from
high-voltage electronics, required for the operation of power
amplification stages. We attribute a common peak located at
~290 Hz in the noise power spectral density (PSD) to the re-
laxation oscillation of the seed-laser resonator [44,45].

In particular, we could show excellent preservation of the
oscillator PN over the full range of investigated Fourier
frequencies. The preservation of the PN properties points to-
wards the absence of amplitude-to-PN coupling. No additional
B-integral was accumulated, even when the spectrum was
cropped and the pulse duration after the fiber stretcher was cor-
respondingly shortened. Moreover, the mechanical spectral fil-
ter placed outside of the laser cavity does not introduce
mechanical or acoustic noise above a Fourier frequency of 1 Hz.

4. CONCLUSION

We demonstrated a three-stage 100 W Yb:fiber CPA system,
which allows tailoring the spectrum of the amplified pulses to a
particular application while preserving the low PN of the seed
laser. Our seed laser was optimized for low-noise operation and
worked in the stretched-pulse regime with close-to-zero slightly
negative net-cavity dispersion. The chosen state of operation
provided enough power to saturate the amplification chain.

The RIN performance of our system is limited by the last
amplification stage pump diode and comparable with state-of-
the-art high-average-power fiber-based amplifiers seeded by
free-running oscillators [1]. When compared with an SSA-
based high-power system, having similar maximum spectral
bandwidth [12], we do not observe degeneration of the PN
with increasing output power. To preserve the PN, we ensured
that the system was thermally and mechanically stable, and op-
erating in a linear CPA regime. Specifically, we:

‘ Research Article

(i) inverted the sign of the seed pulse chirp to avoid an ac-
cumulation of B-integral and amplitude-to-PN coupling in the
fiber stretcher;

(ii) ensured that the length of the fiber stretcher was suffi-
cient to stretch pulses to >80 ps duration to avoid nonlinear
effects in the subsequent amplification chain at all desired spec-
tral bandwidths;

(iii) detached the oscillator from the optical table, by setting it
on a separate breadboard placed on damping rubber feet, and
used a short out-coupling fiber (not introducing nonlinearities
due to the low light intensity and short propagation path) to
guide the pulses to the stretcher.

The system delivers 100-W pulses at a repetition rate of
132.4 MHz, which corresponds to a pulse energy of 0.75 pJ.
The widths of the spectra of the amplified pulses can be tuned
by adjusting the micrometer screw of a slit-type aperture placed
in the imaging plane of a Martinez-type stretcher. The broadest
amplified spectrum spreads from 1025 nm to 1080 nm and
supports a Fourier transform-limited pulse duration of 65 fs,
which is comparable to state-of-the-art nonlinear amplifiers
[25,34]. Such a spectrum is supported by each amplification
stage, based on three different popular types of active Yb:fibers,
making the method suitable for various CPA configurations.
In contrast, cropping the seed spectrum allows confining the
spectral density between 1025 nm and 1045 nm, where in-
expensive, high-quality optical coatings, and many off-the-shelf
optical components are available. The compressed narrowband
pulses have a duration of 230 fs, which is only 13% longer than
the Fourier-limited pulse duration of 200 fs calculated for the
cropped spectrum. A peak power of 2 MW and a duration of
230 fs are well suited as a pump for high-efficiency OPOs
and difference-frequency-generation stages [21]. The here-
presented spectral filter installed in the Martinez stretcher does
not affect the noise performance of the system, in contrast to
spectral filters installed directly in the laser cavity [48,49].
Moreover, the shape of the filter can be chosen arbitrarily:
not only to crop the spectrum but also, for instance, to prevent
spectral gain narrowing [52].
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