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Abstract: We demonstrate the generation of high average power femtosecond laser radiation
by combination of an Nd-doped picosecond amplifier and a multi-pass cell device. With this
efficient and robust scheme, the pulse duration of a picosecond amplifier is compressed from
9.13 ps to 477 fs, corresponding to a compression factor of 19.1. The average power before and
after pulse compression is 77 W and 56.5 W respectively, so the overall transmission reaches
73.4%. The presented scheme offers a viable route toward low-cost and simple configuration
high power femtosecond lasers driven by Nd-doped picosecond amplifiers.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

High repetition rate and high average power femtosecond lasers are powerful tools for researching
material processing [1–3]. The Ti: Sapphire crystal has been an excellent gain medium for the
generation of femtosecond laser pulse for many years due to its good optical and mechanical
properties, such as wide emission spectral bandwidth (∼500 nm) and high thermal conductivity.
However, the Ti: Sapphire femtosecond amplifiers typically employed frequency doubled Q-
switched nanosecond lasers as the pump source, which increases the cost and footprint of these
laser systems. Besides, the available pump power and large quantum defect of the Ti: Sapphire
crystal strongly limits the repetition rate to several kilohertz and average power to 20 W level of
the Ti: Sapphire amplifiers [4,5].

Compared with the Ti: Sapphire crystal, ytterbium (Yb)-doped gain mediums offer the
advantages of low quantum defect and can be directly pumped with the high-power laser diode
(LD). Therefore, high power femtosecond lasers, whose generation is based on the Yb-doped gain
mediums in architectures of bulk [6], fiber [7,8], thin disk [9,10], Innoslab [11] and single crystal
fiber [12,13], have developed rapidly in the last few years. In particular, Yb: fiber femtosecond
amplifier based on coherent combination technology can deliver 10.4 kW average power [8].
Nevertheless, the Yb-doped gain mediums like thin disk, Innoslab, photonic crystal fiber and rod
fiber are almost monopolized by a few companies and research institutes. They are technically
complex and expensive. Moreover, high-power femtosecond lasers with hundreds of microjoules
or millijoules pulse energy are beneficial to certain material processing applications. To get it,
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the chirped pulse amplification (CPA) technology could be applied, which further increases the
cost, footprint and technical complexity of the high power Yb-doped laser systems.

It is the same with Yb-doped gain mediums that neodymium (Nd)-doped gain mediums like
Nd: YVO4 or Nd: YAG also feature the low quantum defect and direct LD pumped configuration.
Limited by emission spectral bandwidth, the mode locked Nd: YVO4 or Nd: YAG lasers
typically deliver ∼10 ps pulses directly. Therefore, the pulse energy of the picosecond laser could
be amplified to hundreds of microjoules or millijoules with a CPA free architecture [14–16].
Compared with the Yb-doped femtosecond amplifiers with the similar pulse energy, the stretcher
and compressor containing expensive dispersive elements like gratings or chirped fiber Bragg
gratings can be omitted. Consequently, the Nd-doped picosecond amplifiers give the advantages
of simple configuration, low cost, and small footprint. Although their power scalability is not as
good as that of Yb: fiber, Yb: Innoslab and Yb: thin disk lasers, many companies still can offer
compact and reliable picosecond amplifiers with several hundred watts output. Thus, combining
high average power Nd-doped picosecond lasers with high efficiency nonlinear pulse compression
technologies, it is more feasible to obtain high-power femtosecond lasers with the same merit of
the Nd-doped picosecond amplifiers.

Noble gas-filled hollow-core fiber [17–19], solid thin plates [20–22], photonic crystal fiber
[23,24], Kagome photonic crystal fiber [25–27] and multi-pass cell (MPC) [28–38] are well-
known spectral broadening schemes. Among them, the MPC, first demonstrated by Jan Schulte
et al. in 2016 [28] stands out with high efficiency and simple configuration. It only comprises
two concave mirrors with the same radius of curvature R and the nonlinear elements placed
between them. And they are cheaper and easier to get. The distance L between two mirrors is
satisfying 0< L< 2R to form a resonator. Therefore, A shorter R typically means a smaller MPC
size. Further, the MPC could be folded by additional plane mirrors to make it more compact [39].

For a Gaussian-shaped pulse, the spectral broadening factor F is given by [40]:
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where ∆ωin and ∆ωout denote the rms spectral bandwidths of the laser pulse before and after
spectral broadening, and B means the total nonlinear phase shift in the nonlinear interaction
process [41]. For a large nonlinear phase shift, the F is approximately proportional to B: F≈0.88B
[41]. The nonlinear phase shift per pass inside the MPC is small so that the self-focusing or
spatio-spectral couplings is avoidable and the spatial profile mostly remains Gaussian [30,42].
After several round trips, the nonlinearity can be largely accumulated and dramatic spectral
broadening can be realized.

The MPC also features great power and energy handling capabilities. In 2020, Christian
Grebing et al. compressed the pulse duration of a kilowatt coherently combined Yb: fiber
amplifier from 200 fs to 31 fs by MPC scheme [36], making the MPC become the first nonlinear
pulse compression method at kilowatt average power level. Scaling the input pulse energy of the
MPC to 10 millijoules level reported in 2018, Martin Kaumanns et al. compressed the pulse
duration of an 18 mJ thin-disk amplifier from 1.3 ps to 41 fs with an efficiency of 95.7% [31].
Three years later, they improved the input pulse energy to a record 112 mJ by transforming the
input laser beam from Gaussian mode to the first order helical Laguerre–Gaussian mode [43].

By nonlinear pulse compression of the Nd-doped picosecond laser based on the MPC devices
J. Song et al. have been performed the generation of 172 fs pulses by cascading two stage MPCs
in 2021 [44]. Nevertheless, the efficiency of that system was just 51%, which results in an output
power of only 117 mW [44]. And multi-stage MPCs also suffers other complications, such as
intricate configuration and large footprint. In the same year, we performed the generation of 601
fs pulse by combination of a Nd: YVO4 regenerative amplifier and single stage MPC device, but
the generated femtosecond laser was just 1.23 W [45].
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In this work, we focus on scaling the power of femtosecond lasers generated from Nd-doped
picosecond amplifiers and pulse shorting capability of single stage MPC devices. The generation
of femtosecond laser radiation with 56.5 W average power and 477 fs pulse duration by post
compression of an Nd-doped picosecond amplifier in a single-stage solid state MPC is proposed
and performed. And the resulting femtosecond laser features excellent beam spatial profile and
power stability. Presented laser source has great potential to be applied in the micromachining.

2. Experimental setup

The schematic of the experimental setup is depicted in Fig. 1. A fiber solid-state hybrid
picosecond amplifier is employed as the driving laser, which mainly consists of a mode-
locked fiber picosecond oscillator, an acoustic optical modulator for pulse picker, multi-stage
fiber pre-amplifiers and multi-stage Nd: YVO4 main amplifiers. The driving laser deliv-
ers 77 W average power at 700 kHz repetition rate. And the size of the driving laser is
900 mm(length)×420 mm(width)×212 mm(height). The central wavelength and spectral full
width at half maximum (FWHM) of the driving laser is 1064.5 nm and 0.215 nm, respectively, as
shown in Fig. 2(a). Assuming a Gaussian-shaped pulse, the pulse duration of the picosecond laser
is 9.13 ps (FWHM), as shown in Fig. 2(b). A half-wave plate (HWP) and a thin-film polarizer
(TFP) form an adjustable attenuator to control the power into the MPC. The q-parameter of the
picosecond laser is mode-matched to the eigenmode of the MPC by three lenses (L1-L3). The
MPC is composed of two concave mirrors (CM1-CM2) with 76.2 mm diameter and 300 mm
radius of curvature. The MPC mirrors are high reflection coated at the central wavelength of
1064 nm with a reflectivity near 99.95%. And they are not dispersive mirrors. Two mirrors are
separated by 535 mm, which generates the eigenmode diameter distribution of 1.08 mm on the
MPC mirrors and 0.355 mm in the middle of the MPC. One piece of anti-reflection (AR) coated
fused silica plate (transmittance of AR coating is around 99.95%) with a thickness of 25 mm
and diameter of 2 inches is specifically selected as the nonlinear element to mitigate the residual
reflection losses. The plate is positioned about 7 cm away from the focus to avoid optical damage.
The beam from the picosecond laser is coupled in and out of the MPC by two rectangular mirrors,
the size of 3 mm×10 mm. By fine-tuning the cavity length, the number of passes through the
plate can be reached to 111. The corresponding optical length is estimated to be 2.775 m in the
fused silica plate and 56.6 m in air. The circle’s radius of reflections on the MPC mirrors is
about 28 mm. The laser beam from the MPC is collimated with a lens L4. The chirp removal is

Fig. 1. Experimental setup realizing nonlinear pulse compression for high average power
picosecond laser. HWP, half-wave plate; TFP, thin-film polarizer; L1-L4, lenses; CM1-CM2,
concave mirrors; TG1-TG2, transmission gratings.
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subsequently implemented by a pair of transmission gratings (TG1-TG2) with 1200 line/mm
groove (1692-28× 23-6.35-H, Gitterwerk). A HWP is inserted before the grating pair compressor
to rotate the polarization of the picosecond laser for optimizing the diffraction efficiency.

Fig. 2. Characterization of the picosecond laser pulses. (a) Spectrum. (b) Measured
intensity autocorrelation trace (black dot) and Gaussian fit (red curve).

3. Experimental results

The maximum output power of the MPC is 64.5 W at an incident power of 77 W, corresponding
to a transmission efficiency of 83.8%. It is dominated by linear losses including 110 reflections
on the MPC mirrors and 111 passes through the fused silica plate. This part losses can be
estimated to be 1-0.9995332= 15.3%. Other optical components can also cause small losses such
as the residual reflectivity of the mode matching lenses. And input/output rectangular mirrors
may clip the laser beam slightly [30]. The dispersion length Ld of the fused silica is calculated
to be 1.82 km for the input pulse, which is much longer than the propagation length (2.775 m)
mentioned above. Therefore, the pulse duration of the picosecond laser is barely broadened by
the material dispersion and pulse propagating through the MPC can be treated as dispersion free.
But the single-pass nonlinear phase shift still decreases gradually owing to the losses from each
pass. The average peak power of the picosecond laser is about 11 MW. Taking into account of
the energy losses and the beam quality (M2) of the picosecond laser, the average focal length
of the Kerr-lens generated by the nonlinear element is estimated to be 1.5 m, which changes
the eigenmode diameter from 0.447 mm to 0.44 mm at the position of the nonlinear element.
The single pass and total beam averaged nonlinear phase shift is estimated to be 0.086π and
9.55π, respectively. After nonlinear interaction, the spectral bandwidth is broadened to 6.1 nm at
the intensity of half the outer spectral maxima (AQ6374, YOKOGAWA), as shown in Fig. 3(a),
which yields a broadening factor of 28.4. The broadened spectrum with an intensity modulation
is the result of self-phase modulation. And the intensity of the newly generated sidelobe is lower
than the initial central part, which is similar with the results of the Ref. [34]. We attribute
this phenomenon to the poor temporal contrast of the input picosecond pulse. The amplified
spontaneous emission, pre-pulses and post-pulses of the input laser are not spectrally shifted
due to their low peak power [31]. The Fourier transform limit (FTL) pulse duration (FWHM)
of the broadened spectrum is 466 fs, as depicted in the inset of Fig. 3(a), which leads to an
attainable compression factor of 19.6. It is close to the theoretical compression factor given by
τFWHM

in /τFWHM
out = φnl

total/
√

e = 18.2 under the assumption of Gaussian-shaped pulse [36], where
τFWHM

in denotes the input pulse duration, τFWHM
out means the FTL of the broadened spectrum

and φnl
total is the total nonlinear phase shift in the MPC. Due to the intensity modulation of the
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broadened spectrum, the calculated FTL pulse appears some side pulses around the main pulse.
By integration, we estimate that 81.6% energy is concentrated in the main pulse.

Fig. 3. Characterization of the laser pulses after pulse compression. (a) Broadened spectrum.
Inset, calculated FTL pulse duration. (b) Measured intensity autocorrelation trace after the
grating pair compressor (red dot) and the convolution of the FTL pulse (black curve).

The pulses from the MPC are incident on the gratings at a Littrow angle of 39.7° to maximize
diffraction efficiency. The remaining power after the grating pair compressor is 56.5 W,
corresponding to an efficiency of 87.6%. As a result, the overall transmission of the system is
73.4%, obviously lower than the ones of the other single stage MPC device (∼90%). Two reasons
contribute to this result. Firstly, there are more round trips in our MPC. Secondly, the efficiency
of the grating pair compressor is lower than the chirped mirrors employed in previous articles.
However, it is reasonable to remove the chirp by grating pair because the required group delay
dispersion in our experiment is at the magnitude of 106 fs2, and the chirped mirrors are difficult
to meet this function. The shortest autocorrelation trace (FWHM) of 653 fs is measured via
a commercial intensity autocorrelator (PulseCheck-50, A. P. E. GmbH), as shown in Fig. 3(b)
(red dot). And the calculated autocorrelation trace of the FTL pulse (FWHM) is 638 fs, also
shown in Fig. 3(b) (black curve), producing a deconvolution factor of 0.73. Assuming that
the deconvolution factor of the compressed pulse is same as the FTL [29], a compressed pulse
duration (FWHM) of 477 fs is inferred, corresponding to a pulse compression factor of 19.1.
From the pedestal area of the autocorrelation trace, we estimate that 65% pulse energy is in the
main pulse [34,36]. Therefore, the peak power after nonlinear pulse compression reaches to
110 MW. The compressed pulse duration is slightly longer than that of the FTL, which may be
attributed to the high order dispersion generated by the grating pair compressor and the fiber
pre-amplifier of the picosecond laser.

The M2 values before and after the MPC is 1.49×1.53 and 1.62×1.56 (BSQ-SP300, Ophir
Spiricon), as shown in Fig. 4. The near field and far field beam profiles after MPC are presented
in the inset of Fig. 4(b). The beam quality after MPC is almost preserved but slightly degraded.
This may be attributed to two reasons. Firstly, the aberration of the Kerr lenses in the 25 mm
thick fused silica plate affects the beam quality [28]. Secondly, the imperfections of the mirror
shape would also deteriorate the beam quality owing to the picosecond laser 110 reflections on
the MPC mirrors [31].

Figure. 5 presents the long-term power stability at the output of the MPC, which is stable with
a root-mean-square (RMS) 0.62% over 1 hour.

Without any housing to isolate the MPC device nor any actuators to actively stabilize the
beam pointing, the beam pointing stability over 1 hour is characterized by a beam analyzer
(WinCamD-LCM, DataRay). The data acquisition rate is 1 Hz and the results are shown in
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Fig. 4. Beam quality of the picosecond laser. (a) The M2 before the MPC. Inset, Beam
profile at near-field and far-field. (b) The M2 after the MPC. Inset, Beam profile at near-field
and far-field.

Fig. 5. The power stability at the output of the MPC.

Fig. 6(a). And the beam angular deviation distribution is presented in Fig. 6(b). The RMS beam
pointing stability is 12.2 µrad in the horizontal and 11 µrad in the vertical direction. It can be seen
that the beam pointing stability is good enough after MPC device. At the same time, the beam
position stability is also characterized, the results shown in Fig. 6(c). And the beam position
deviation distribution is presented in Fig. 6(d). The RMS of the beam position deviation is 121
µm in the horizontal and 118 µm in the vertical direction. Therefore, for a 3.6 mm×3.7 mm beam
size at 1/e2 intensity, the RMS stability of the beam position is 3.36% in the horizontal and 3.19%
in the vertical direction. The beam position fluctuation after the MPC device is a little dramatic,
which attribute to the long optical path of the MPC, air agitation, vibration of the optical platform
and heat deposition in the MPC mirrors. In the future, the actuators would be employed into the
system to stabilize the beam pointing and position [30].
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Fig. 6. The beam pointing and position stability at the output of the MPC. (a) The beam
angular deviation fluctuation in horizontal (red curve) and vertical (blue curve) directions
within one hour. (b) Collected beam angular deviation distribution. (c) The beam position
deviation fluctuation in horizontal (red curve) and vertical (blue curve) directions within one
hour. Inset, beam profile at the output of the MPC. (d) Collected beam position deviation
distribution.

4. Summary

In summary, the generation of high-power femtosecond laser with low cost and simple configura-
tion is implemented by combination of a 77 W picosecond amplifier and high efficiency all-bulk
MPC device. A femtosecond laser with an average power of 56.5 W, pulse duration of 477 fs,
beam quality of 1.62×1.56, and stable power of 0.62% RMS is produced. The total efficiency of
the system is 73.4%. Presented scheme has great potential to attain higher power femtosecond
laser sources driven by Nd-doped picosecond amplifiers.
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