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Abstract: We report the development of a robust Yb-doped fiber laser system based on chirped-
pulse amplification (CPA), generating 44-fs laser pulses with up to 70-uJ pulse energy at a 1-MHz
repetition rate. It consists of a Yb-doped nonlinear polarization evolution (NPE) mode-locked
fiber oscillator, a chirped fiber Bragg grating (CFBG) stretcher, a wave-shaper for manipulating
the spectrum of the signal, cascaded fiber amplifiers, and two compression units. The output
pulse duration of 44 fs for efficient high harmonic generation (HHG) was achieved by a multi-pass
multi-plate Herriott-type non-linear compression unit.
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1. Introduction

Ultrashort pulses with hundreds of microjoule pulse energy, enable various applications such as
advanced material processing [1,2], high harmonic generation (HHG) [3,4], attosecond metrology
[5], ultrafast spectroscopy [6], and time-resolved coincidence spectroscopy [7]. Specifically,
ultrashort pulses in the X-ray and extreme ultraviolet (EUV or XUV) range enable precise and
high-resolution measurements [8]. It has been shown, that the required EUV or XUV pulses
can be generated using HHG with high pulse energy laser sources. Over the last two decades,
detailed investigations of HHG with different sources having different parameters such as peak
power or repetition rate have been performed [9]. Titanium-sapphire lasers with high pulse
energies and low repetition rates are examples of such sources [10-13]. However, scaling
these systems in terms of repetition rate and average power is difficult due to the high thermal
load, the lack of direct diode pumping and low optical-to-optical efficiency [14]. In parallel,
compact high-power HHG sources based on post-compressed femtosecond ytterbium-doped
fiber lasers with high-repetition rate are becoming increasingly popular, especially for time- and
angle-resolved photoemission spectroscopy (TR-ARPES) [15,16]. High repetition rate EUV
sources have proven to be beneficial for reducing data acquisition times in detecting weak photo
electron signals [17]. Fiber-based laser systems have the reputation of being more resistant to
thermo-optic problems due to the fiber geometry. The large surface-to-active volume ratio of
fibers results in excellent heat dissipation. The beam quality of the guided mode is determined by
the design of the fiber core [18,19]. In addition, the complete integration of the lasing process
into a waveguide enables compactness, high efficiency and long-term stability. Ytterbium-doped
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optical fibers (YDF) with low quantum defects can have an optical-to-optical efficiency of
about 80% and thus low thermal effects [20]. Subsequently, YDF-based laser systems are of
particular interest for the generation and amplification of ultrashort high-average power pulses
[21]. However, fiber lasers are more severely limited by nonlinear effects, when compared
to solid-state lasers, that can lead to pulse deformation and/or damage of the fiber. To lower
this limitations by nonlinearity, some approaches have been developed, such as fiber designs
with large mode field diameter and a shorter length, resulting in inherently lower nonlinearity
[22,23]. Hence, the development of high-power fiber lasers became possible after the invention
of double-clad fibers by Snitzer in 1988 [24]. In 2005, Jens Limpert and others arrived at a
fiber design known as rod-type photonic crystal fiber (RTF) that exhibits significantly reduced
nonlinearity, while allowing for large gain [25]. However, when higher pulse energy is required,
the chirped pulse amplification (CPA) technique [26-30] is essential for alleviating the high
nonlinearities. In a fiber-based CPA system, pulses are stretched in time to reduce peak power
during amplification, thereby minimizing nonlinear effects such as self-phase modulation (SPM)
and stimulated Raman scattering (SRS). Despite these techniques, generating high-energy pulses
from fiber lasers remains challenging. To achieve this goal, a reduction of pulse repetition rate in
conjunction with a larger stretching factor is required. Accordingly, scaling the average power in
the following amplifiers results in both high power and high pulse energy.

In this work, we report the development of an ultrafast high-power fiber laser system with a
high repetition rate (1 MHz) at 1 um for HHG to be used in a TR-ARPES setup currently served
by a Ti:Sapphire system with a lower repetition rate (10 KHz). The system, based on the CPA
technique, generates an average power of up to 70 W at a repetition rate of 1 MHz, allowing
a higher signal-to-noise ratio at a shorter data acquisition time. We apply a suitable spectral
amplitude filter using a wave shaper to obtain a near transform-limited pulse of about 158 fs.
Finally, we shorten the pulse duration to 44 fs with a multi-pass multi-plate cell as a nonlinear
compression unit with an excellent output beam quality (M? value of about 1.2). Our high
repetition rate system, with a peak power of up to 1.6 GW, is ideally suited for high harmonic
generation (HHG) in time- and angle-resolved photoemission spectroscopy (TR-ARPES) [31].

The system stands out for its combination of high peak power, excellent beam quality, sub-50
fs pulse duration, and high repetition rate, positioning it as one of the leading fiber lasers in its
class [4,32-36]. For comparison, Tao Wang et al. [32] developed a Yb-doped fiber amplifier with
a pulse energy of 126 uJ at a lower repetition rate (504 kHz) and a longer pulse duration (401 fs),
resulting in a lower peak power (207 MW). Likewise, Huanyu Song et al. [34] demonstrated a
Yb-fiber laser delivering 24 fs pulses at | MHz with 1 pJ pulse energy, yielding approximately
40 times lower peak power. The unique characteristics of our system also make it suitable for
a broad range of additional cutting-edge scientific applications, including ultrafast imaging,
high-resolution spectroscopy, nonlinear optics, and precision material processing.

2. Experimental setup and measurement

Figure 1 shows the constructed high-power fiber laser system consisting of a nonlinear polarization
evolution (NPE) mode-locked Yb-doped fiber oscillator as a seeder, a chirped fiber Bragg grating
(CFBG) stretcher, a wave-shaper for the signal spectrum and phase shaping, a fiber pre-amplifier
chain, a rod-type large pitch Yb-doped fiber (YDF) amplifier, a linear compressor, and a nonlinear
COMPIESSOL.

The mode-locking mechanism of the oscillator is based on the intensity-dependent nonlinear
change in the polarization state of the pulse inside the cavity [37—40]. It generates output
pulses with a wide output spectrum and is stably mode-locked. The measured pulse duration for
the oscillator is around 4.9 ps with a positive chirp and a bandwidth with a full width at half
maximum (FWHM) of 19 nm. The output power is around 10 mW with a repetition rate of
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Fig. 1. Schematic layout of our system. WDM, wavelength division multiplexer; Yb-
SMF, Yb-doped single mode fiber; M, mirror; PMF, polarization maintaining fiber; QWP,
quarter-wave plate; HWP, half-wave plate; F, bandpass filter; PBS, polarization beam splitter;
GP, grating pair; LD, laser diode; CFBG, chirped fiber Bragg grating; 10, isolator; AOM,
acousto-optic modulator; TAP C, tap coupler; LMA, large mode area fiber; HP, high-power;
T, telescope; MPC, multi-pass cell; HDM, highly-dispersive mirror.

24 MHz. The seed source is a self-mode-locking oscillator that has reliably maintained mode-
locked over an extended period without requiring any additional adjustments. This reliability is
crucial for long-term stability and efficient performance of the overall system. However, since
non-polarization-maintaining (non-PM) single-mode fibers are used in the oscillator, the output
spectrum is somewhat sensitive to ambient noise and temperature fluctuations. To mitigate
these effects, we have shielded the entire system, ensuring a well-controlled environment that
minimizes these instabilities.

The output signal from the NPE-oscillator is coupled into a highly-doped polarization
maintaining (PM) YDF pre-amplifier (gain length of about 40 cm and pump power of 100 mW)
to overcome the 40% loss of the following stretcher and circulator. The stretcher is a chirped fiber
Bragg grating (CFBG) with 30.1 ps? group delay dispersion and -0.4 ps® third-order dispersion
covering a 22-nm wide spectrum and stretches the pulse duration to approximately 1 ns. The
CFBG was designed to mitigate the nonlinearity of the whole system and compensate for the
dispersion of a Treacy compressor and its upstream optical components in the system. We use a
wave-shaper (Finisar Wave-Shaper 1000A) to shape the spectrum of the stretched signal into a
nearly parabolic spectrum. Pulse pedestals due to SPM are avoided for a parabolic shaped pulse
spectrum at the output of the amplifiers [29,30,41]. Therefore, we apply a parabolic filter in the
frequency domain according to:

ey
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where vy denotes the central frequency and Avgwyys the bandwidth at the full width of half
maximum (FWHM). In practice, Avpwy is chosen large enough to alleviate the gain narrowing
effect on the spectrum in the next amplifier chain and maximize the FWHM spectral width of
the output signal. Figure 2(a) shows the output spectrum and up-chirped pulse (inset) of the
oscillator. Figure 2(b) indicates the spectrum before and after filtering for Avpwmy = 9 THz, and
a central wavelength of 1030 nm. There are small fluctuations in the amplitude after filtering due
to the slight change in the seed signal because of environmental instabilities. To mitigate this, we
enclose the entire system in a shielded, controlled environment that reduces instabilities, ensuring
a more consistent and reliable output spectrum despite external disturbances. A pedestal-free
nearly transform-limited pulse is generated by the system for this filter shape in spectral amplitude,
which is explained later.
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Fig. 2. (a) The oscillator output spectrum and pulse shape (inset). (b) The spectrum
before and after filtering by the Finisar wave-shaper. (c) The spectrum after TAP C. (d)
The spectrum after LMA fiber amplifier. (e)The output spectrum (measured with a higher
resolution in comparison with others), the inset is the rod-type amplifier (RTA) beam profile
with M2 of 1.1 and (f) the pulse duration after RTA measured with an Agilent Technologies
Sampling Oscilloscope. Red dashed curves are parabolic fits.
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The wave shaper (with up to 6.5 dB insertion loss) is followed by two more preamplifiers with
highly doped PM-YDF (gain length of 35 cm and the pump power of 300 mW for the preamplifier
2, gain length of 50 cm and the pump power of 450 mW for the preamplifier 3) to increase the
wave-shaper output and overcome the loss of a fiber-coupled acousto-optic modulator (AOM)
used for pulse picking. The AOM reduces the pulse repetition rate from 24 MHz to 1 MHz, which
helps to achieve higher pulse energy in the following amplifiers. The fourth pre-amplifier (gain
length of 40 cm and the pump power of 450 mW) reaches an output power up to 400 mW, which
is appropriate for saturation of the following large mode area (LMA) fiber amplifier (25/250 pm
LMA-YDF). The higher-order modes in the LMA fiber were suppressed by coiling of the fiber to
a diameter of 60 mm. Up to 6 W output power can be achieved from this amplifier, enough to
also saturate the final amplifier with the rod-type fiber (AEROGAIN-ROD 2.1, signal average
power < 100 W). Figures 2(c) and 2(d) show the evolution of the spectrum, measured after the
tap coupler and the LMA amplifier, respectively. We installed a free space high-power isolator
before the rod-type amplifier (RTA) to block the backward amplified spontaneous emission (ASE)
and eventual back reflections. Then the signal is coupled into the RTA utilizing two adjustment
mirrors and a coupling lens. The beam quality (M?) at optimal mode coupling is measured to be
about 1.1 and a picture of the near field is shown in the inset of Fig. 2(e). The RTA is pumped
with an industrial high-power diode laser (Laser-Line LDM-500). With a signal power of 5 W,
an average power of up to 100 W can be achieved with this rod-type fiber. The shape of the
RTA output spectrum (2 (e)) and the stretched pulse (2 (f)) comes close to a parabolic fit. Due
to the linear chirp that SPM applies to an output parabolic pulse, the pedestal in the temporal
signal after the linear compressor is effectively suppressed. We design and construct a Treacy
compressor using a pair of multilayer dielectric reflection gratings with a groove density of
17601/mm and a Littrow angle of 65.01° (diffraction efficiency > 95%) as the linear compression
unit with a loss of 13%.

Figure 3(a) shows the optimum compressed amplifier output pulses in the time domain, when
no spectral shaping is performed. A strong pedestal can be seen in the compressed pulse. We
suppress the pedestal by using near-parabolic spectral filter. A pedestal-free near transform-limited
pulse (Fig. 3(b)) is achieved when the RTA output spectrum is formed into a parabola (Fig. 2(c)).
The measured pulse duration is about 158 fs. It is close to the calculated transformation-limited
pulse duration of the output spectrum, which is about 152 fs. A pedestal-free pulse enhances
the efficiency of spectrum broadening within the multi-pass cell (MPC, explained in the next
section), leading to shorter pulses with minimal pedestal at the final output of the system.
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Fig. 3. Compressed pulse duration measured by second-harmonic autocorrelation with
sech? fit.: (a) with no spectrum manipulation, (b) with the introduced parabolic spectrum
filter using the Finisar wave-shaper.
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A shorter pulse duration is required to increase peak power for efficient high harmonic
generation and improved temporal resolution in pump-probe experiments. Direct generation
of pulses with duration shorter than 100 fs at high power is not possible from Yb-doped fiber
amplifier systems due to the limited gain bandwidths of the laser medium and the resulting gain
narrowing effect [42]. Nonlinear pulse compression is a possible approach to achieve shorter
pulse durations that can be used with high-power lasers. In this method, the spectrum of the
laser pulse is broadened by SPM as it propagates through a y® nonlinear medium. A temporally
compressed pulse can then be attained by compensating for the chirp of the broadened pulse
spectrum with grating pair compressor or dispersive mirrors. Propagation of ultrashort pulses
through solid core fibers [43], hollow-core photonic crystal fibers [44], gas-filled capillaries [45],
bulk media, and multi-pass cells [42] are some of the various techniques applied for nonlinear
spectral broadening. Here, we use a Herriott-type multi-pass cell (MPC) compressor with bulk
dielectric plates for nonlinear pulse compression in the range of 10-100 pJ-pulses first reported
in [42]. Pulses accumulate a B integral < each time they pass through the nonlinear medium.
In this procedure, pulses even exceeding the peak power for self-focusing can be nonlinearly
broadened, and the degradation of the beam quality is mitigated due to the use of thin plates [46].
This approach offers unprecedented robustness and scalability in average power [42].

An MPC typically consists of two concave mirrors oriented as an optical cavity to create
transverse eigenmodes and preserve the g-parameter of a Gaussian beam matched to the cell
eigenmode (see Fig. 4(a)) [47,48]. The laser beam is matched to the cavity mode with the help of
a telescope to ensure identical beam properties each time it passes through the cell. It is then
coupled into the MPC by a small pick-off mirror [2,49]. After a certain number of round trips
(16 round trips in our case), the spectrally broadened output beam is coupled out of the cell [50].
The beam is subsequently collimated, and the pulses are compressed using a chirped mirror
COMPIESSOr.

The B integral is a measure of spectral broadening [2,51]. We simulated the cell length, the
beam radius on the mirrors, the position of the plates based on their thicknesses, the beam waist
and the position of the focal plane in the MPC using the method introduced in Ref. [46,52,53] to
obtain a sufficient amount of B-integral. For the MPC with N = 16 round trips, a cell length of
366 mm results in the higher B-integral without the risk of damaging the surfaces. Here, we
used a dual-plate multi-pass cell defined by two curved mirrors with radius of curvature of 200
mm (HR > 99.99%, |GDD|<20fs?) and two internal fused silica plates with a thickness of 1 mm
(AR <0.2%). The M? factor of the input beam is measured as M7 x M; : 1.10 x 1.06 with the

M?2-measurement device Spiricon-M?-200s. As is depicted in the inset of Fig. 4(a) the beam
profile is near-diffraction-limited.

We employed a compressor made by chirped-mirrors with group delay dispersion (GDD) of
-200 fs? and a negligible TOD per bounce to compress the spectrally broadened pulses with 16
bounces. The output of the nonlinear compressor is analyzed using an optical spectrum analyzer
(OSA) and a second harmonic FROG-device as depicted in Fig. 4(b) and (c). The spectrally
broadened pulse whose spectrum is monitored with the OSA, and the retrieved power spectra by
the FROG are displayed in Fig. 4(b). The modulation in the measured spectrum results from the
strong self-phase modulation. The discrepancy between the measured and retrieved spectra arises
from two main factors: limitations in the retrieval algorithm (restricted by a maximum grid size
of 256 X 256) and the constraints of the FROG device in capturing the full details of our strongly
modulated spectrum. The FROG system with the available crystal has a spectral measurement
resolution of about 5 nm, which is insufficient to resolve the finer spectral features of our signal.
Consequently, the device is unable to accurately reproduce the full spectral detail, leading to
significant differences between the measured and retrieved spectra. The measured pulse duration
(44 fs at FWHM), as well as the calculated transform-limited (TL) pulse corresponding to the
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Fig. 4. (a) Spectral broadening with a dual-plate MPC; M, curved mirror; R, reflective flat
mirror; P, plate. The inset shows the MPC input beam profile, the measured FROG, and
the retrieved FROG traces. (b) The measured and retrieved power spectra and phase in the
frequency domain, (c) The FROG measurement, calculated transform-limited pulse (Cal.
TL) and the phase in the time domain, the inset depicts the output beam profile.

measured spectrum, are shown in Fig. 4(c). The small pedestal in the pulse is because of the
nonlinear phase shift induced by SPM that is not compensated by the chirped mirrors.

As can be observed, we could achieve a FWHM pulse duration of 44 fs with about 10% of the
pulse energy in the pedestal after post-compression.

The MPC has a measured throughput efficiency of 86%. We measured an M? value of about
1.2 for the output beam profile displayed in the inset of Fig. 4(c). The nearly Gaussian beam
shape underlines the advantages of this approach for spectral broadening compared to single-pass
propagation of the pulse in the critical self-focusing regime, which leads to detrimental spatial
effects on the beam profile [42].

3. Conclusion

In this work, we demonstrate a robust, high-power, high-repetition-rate fiber laser system for
high-harmonic generation applications. We control the final temporal pulse shape and avoid
pulse pedestal formation in the CPA fiber amplifier system delivering 158-fs, 80-uJ pulses at 1
MHz repetition rate by spectral amplitude shaping. The pulse duration is close to its transform
limited value of 152 fs. Using a Herriott-type multi-pass double-plate cell, we achieve sub-50
femtosecond pulses with nearly Gaussian beam profile with beam quality factor M? = 1.2. This
final 1-MHz Yb-doped fiber laser system delivers 70-uJ, 44-fs pulses with a peak power of up
to 1.6 GW suitable for a HHG system for a TR-ARPES setup. This allows an improvement of
the acquisition rate for the already existing TR-ARPES setup using a 10 kHz Ti:sapphire laser
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system by at least two orders of magnitude. The next development step will be to increase the
repetition rate to 2 MHz at the same pulse energy.
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