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We propose and demonstrate a non-mode-locking approach to generating multi-GHz repetition rate, femtosecond pulses in burst mode by shaping a continuouswave (CW) seed laser in an all-fiber configuration. The
seed laser at 1030 nm is first phase modulated and dechirped to low-contrast, ∼2 ps pulses at 17.5 GHz repetition rate, then carved to bursts at 60 kHz repetition
rate, and finally shaped to sub-2 ps clean pulses by a
Mamyshev regenerator. This prepared high-quality picosecond source is further used to seed a Yb-doped fiber
amplifier operating in the highly nonlinear regime, delivering output pulses at 23 nJ/pulse and 20 µJ/burst,
compressible to ∼100 fs level. The system eliminates
the need of mode-locked cavities and simplifies conventional ultrafast electro-optic combs to using only one
phase modulator, while providing femtosecond pulses
at multiple GHz repetition rate, enhanced pulse energy
in burst mode and the potential of further power/energy
scaling. © 2022 Optica Publishing Group
http://dx.doi.org/10.1364/ao.XX.XXXXXX

Ultrashort laser pulse generation at GHz repetition rate has
attracted more and more attention in recent years. With tens
or hundreds of times higher repetition rate, GHz lasers are
advantageous compared to conventional MHz-repetition-rate,
mode-locked lasers in many areas, such as high-efficiency laser
ablation [1], real-time spectroscopy [2], high-speed optical transmission systems [3] and frequency-comb related applications
where accessing individual comb lines is necessary [4–6]. In
recent years, by pushing the limit of cavity lengths, researchers
have achieved mode locking with multiple GHz pulse repetition
rates [7–10]. However, these ultrashort cavities limit the gain
and make the self-starting mode locking become challenging.
Besides, the large free spectral ranges of these multi-GHz repetition rate lasers give each longitudinal mode proportionally
larger linewidths, heavily raising their phase noise, which could
be undesirable for further frequency comb applications. As an alternative, electro-optic (EO) frequency combs, being intensively
developed these years, represent an alternative way of generating ultrashort pulses at multi-GHz repetition rates free of mode
locking [11–14]. Driven by a radio-frequency (RF) signal, EO

combs offer an all-fiber configuration with widely tunable and
accurate repetition rate setting, up or down quasi-linear chirp for
convenient pulse compression, narrow comb lines and possible
stabilization of the carrier-envelope offset frequency depending
on the seed laser.
Ultrafast EO combs are usually composed of a continuouswave (CW) seed laser, a few phase modulators (2 or 3) to broaden
the spectrum, an intensity modulator to carve pulses and various RF electronics. Simplifying the high-power EO part to
a simple phase modulator could greatly reduce the complexity and cost. However, this limits the spectral bandwidth and
results in low pulse contrast after compression [15]. In optical communication community, it has been demonstrated that
Mamyshev regenerators based on self-phase modulation (SPM)
and spectral filtering can effectively tailor such low-contrast
pulses and remove their temporal pedestals, leading to clean picosecond output [16–18]. However, the use of 0.5-1 km of special
highly nonlinear fibers designed for telecommunication band
for generating SPM doesn’t represent a universal approach for
developing high-power ultrafast fiber lasers. At ∼1 µm wavelength, spectral masking of such a simple phase-modulated EO
comb also enabled clean 9 ps pulses at 20 GHz repetition rate
[19]. These pulses are further nonlinearly compressed down to
190 fs, however, using two separate stages involving dissipative free-space optics and critical power injected into 56 m of
dispersion-decreasing photonic crystal fiber for soliton compression. To date, the potential of these simple phase-only modulated EO combs for developing all-fiber femtosecond lasers with
scalable output power/energy, as a non-mode-locking approach,
hasn’t been explored. In this letter, we demonstrate a multi-GHz
repetition-rate, femtosecond laser system, realized by nonlinearly shaping and amplifying a phase-only modulated EO comb
at 1030 nm in an all-standard-fiber configuration. In the first
step, we transform the CW seed laser to clean sub-2 ps pulses at
17.5 GHz repetition rate by phase-modulation, pre-compression,
burst shaping and Mamyshev regeneration. In the second step,
we further amplify these shaped picosecond pulses in a fiber
amplifier to 1.2 W output power, corresponding to 23 nJ/pulse
and 20 µJ/burst. The use of burst mode facilitates nonlinear
pulse shaping through a Mamyshev regenerator and enables
the final fiber amplifier to operate in the deep nonlinear regime,
leading to output pulses compressible down to ∼100 fs level.
The experimental setup for the burst-mode, all-fiber laser
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Fig. 1. Experimental setup for the 17.5 GHz, burst-mode fem-

tosecond laser system and illustration of its pulse evolution.
PM, phase modulator; AMP, amplifier; AOM, acousto-optic
modulator.

system at 17.5 GHz repetition rate based on a phase-only modulated EO comb is depicted in Fig. 1. The EO comb consists
of a CW single-frequency diode laser at 1030 nm and an EO
phase modulator driven by an amplified RF signal at 17.5 GHz,
featuring greatly reduced complexity and cost, compared to a
conventional version [11]. The sinusoidal modulation of the
laser phase broadens the seed laser’s spectrum with comb lines
evenly spaced by 17.5 GHz and, at the same time, introduces
quasi-linear up and down chirps. The quasi-linear down chirp is
then compensated in 350 m of standard polarization-maintaining
fiber (PM980), leading to the compression of the modulated photons associated with the down chirp, while the photons modulated with the opposite chirp acquire an additional chirp further
extending their temporal span, resulting in a significant pedestal
and a limited overall pulse. We further linearly amplify the
formed pulses using a core-pumped, Yb-doped fiber amplifier
(YDFA, 6/125 µm) and send them into an acousto-optic modulator (AOM) to produce bursts. The AOM is driven by a square RF
wave, yielding output bursts of 50 ns at 60 kHz repetition rate.
The isolated pulse number per burst is ∼880 and the reduced
pulse number per second is ∼53 million, corresponding to a duty
cycle of 0.3%. To compensate the power loss in the AOM, we
use two stages of core-pumped, YDFA (6/125 µm) to boost the
power to 220 mW. At this point, the intra-burst pulses are still
sitting on a pedestal, limiting their temporal contrast. To tackle
this limitation, we employ a Mamyshev regenerator, consisting
of 20 m of PM980 fiber and a programmable pulse and spectrum
shaper (Finisar, 1000S). The PM980 fiber, as a nonlinear medium,
broadens the input spectrum by SPM and optical wave-breaking,
while the pulse shaper works as a spectral band-pass filter which
is centered away from the input spectrum. As such, the transmitted spectrum through the filter only comes from nonlinear
broadening of the input pulses and the low-intensity temporal
pedestal located at input spectral band is blocked. In the experiment, by setting the spectral filter as a Gaussian shape centered
at either 1024 nm or 1037 nm, we manage to extract clean picosecond pulses free of pedestal. Note that a 10% fiber coupler
is used prior to the pulse shaper only for avoiding damage.
After Mamyshev regeneration, we use another core-pumped

Fig. 2. Measured (a) spectrum and (b) autocorrelation of the
phase-modulated EO comb. Measured (c) burst train at 60 kHz
repetition rate and (d) temporal profile of optical bursts with
their driving RF signal.

YDFA similar to above as a pre-amplifier and a claddingpumped YDFA (10/125 µm) as the final amplifier. In this final stage, we combine 3 mW seed pulses with a multi-mode
pump laser at 915 nm and inject them into a 3.7 m long Yb-fiber
(Coherent, PLMA-YDF-10/125-VIII). This relatively long length
compensates the low pump absorption and allows the input
pulses to evolve through the parabolic shaping gradually into
a newly discovered regime where the spectrum continuously
broadens toward longer wavelengths due to SPM and the evolving gain spectrum along the active fiber [20–22]. The amplified
pulses are finally extracted from residual pump by a dichroic
mirror and compressed by a grating-pair compressor with a
groove density of 300 lines/mm. The whole process of pulse
shaping in this all-fiber laser system is also illustrated in Fig. 1.
We start the characterization of the laser system from the
phase modulated seed laser. Figure 2(a) displays the EO comb
spectrum after phase-only modulation with resolved comb lines
spaced by 17.5 GHz. The spectrum has a square profile with a 3
dB width of 1.3 nm. Compared to a conventional ultrafast EO
comb, the spectrum here shows a less smooth profile with a few
missing comb lines due to the lack of an intensity modulator.
In the temporal domain, the compressed pulses by 350 m of
PM980 fiber at 17.5 GHz repetition rate were also characterized
by autocorrelation (AC). The AC trace, as shown in Fig. 2(b) has
a full-width-at-half-maximum (FWHM) duration of 2.5 ps, implying a pulse duration around 2 ps. However, the far wings of
the AC trace are significantly lifted above the background level,
indicating these initial compressed pulses sit on a CW pedestal.
Before shaping the pulses, we first carve them into bursts to
improve the pulse energy and facilitate the following nonlinear spectral broadening. The optical bursts were characterized
by using an oscilloscope with a bandwidth of 1.5 GHz and a
fast photodiode with a bandwidth of 40 GHz. The measured
bursts, as shown in Fig. 2(c), are evenly separated by 16.7 µs,
corresponding to 60 kHz repetition rate. Their temporal profile
is also measured, having a duration of ∼50 ns, as displayed in
Fig. 2(d). The leading and trailing edges of the optical bursts are
less sharp than the driving RF signal, limited by the response
time of the AOM.
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With much enhanced pulse energy in the burst mode, we
achieved nonlinear pulse cleaning through a Mamyshev regenerator. The spectrum of the input pulses for the regenerator was
first broadened by SPM and optical wave-breaking in the singlemode fiber, then band-pass filtered by a Gaussian shape of ∼1
nm width. The spectra before and after filtering are both shown
in Fig. 3. In the broadened spectrum, there are four smooth lobes
available for filtering, located around 1024 nm, 1027.5 nm, 1033
nm and 1035-1040 nm, respectively. However, the two in the
middle are too close to the original EO comb spectrum, so that
a Gaussian filter at these two wavelengths can not completely
suppress the input spectral peak and thus the temporal pedestal.
Besides, these two spectral lobes have narrower bandwidths and
less flat profiles, which would result in narrow spectrum and
longer pulses after filtering. In the experiment, we performed
spectral filtering at both 1024 nm and 1037 nm, and let the two
filtered spectra have similar 3 dB bandwidths of 1.05 nm and 0.9
nm, respectively.

Fig. 3. Measured spectra after broadening and filtering in the

Mamyshev regenerator.
Although other simple thin-film interference spectral filters
can be used, here we use a programmable pulse shaper as the filter which not only allows us to shape the spectrum, but also provides tunable dispersion to compress the filtered pulses. As such,
we can obtain clean picosecond pulses near Fourier-transform
(FT) limit for further nonlinear amplification. At the output of
the Mamyshev regenerator, we used a short core-pumped YDFA
where the amplification is kept as a linear process. Then we
measured the AC traces of the shaped pulses, as shown in Fig.
4(a) and (b). By providing -0.85 ps2 group delay dispersion, the
shaped pulses were de-chirped to 1.6 ps at 1024 nm and 1.8 ps at
1037 nm, assuming a Gaussian fit. Their time-bandwidth products are calculated to be 0.48 and 0.45. Different from the AC
of the initial compressed pulses in Fig. 2(b), the AC traces here
have clean profiles free of CW pedestal at far wings, confirming
the effectiveness of the Mamyshev regenerator.
Last, we sent these shaped sub-2 ps pulses into the final
cladding-pumped YDFA by fusion splicing and performed nonlinear amplification. With a relatively high optical gain of ∼26
dB, we boosted the seed power up to 1.2 W, corresponding to
23 nJ/pulse and 20 µJ/burst. Pumping the amplifier at 915 nm
allows a uniform gain distribution along the active fiber and the
lower absorption coefficient than at 976 nm helps reduce ampli-
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Fig. 4. Measured autocorrelation traces of the shaped pulses

by the Mamyshev regenerator at (a) 1024 nm and (b) 1037 nm.

fied spontaneous emission. The amplified output pulses were
further compressed by using a pair of diffraction gratings. In
order to avoid large third-order dispersion distorting ultrashort
pulses, we used two transmission gratings with a groove density
of 300/mm, arranged at Littrow angle. In the experiment, we
first amplified the shaped pulses at 1037 nm. The measured
output spectrum at 1.2 W is shown in Fig. 5(a). The input pulses
trigger SPM as they propagate and grow along the active fiber,
and finally develop a broadband output spectrum with a narrow
peak at the input wavelength. The evolving gain spectrum along
the active fiber continuously shifts to longer wavelengths upon
propagation, which explains the asymmetric spectral shape extending above 1080 nm. Figure 5(b) displays the AC trace of the
compressed output pulses as well as the calculated FT limited
AC trace based on the measured spectrum for comparison. The
measured AC duration is 165 fs while it is 105 fs at FT limit.
Compared to the FT limited AC trace, the measured one shows
slowly decaying tails, implying residual high-order dispersion
in the compressed pulses.
Furthermore, we also performed nonlinear amplification of
the shaped pulses at 1024 nm. At the same output power of
1.2 W, we measured the output spectrum which is displayed
in Fig. 5(c). Similar to the case in Fig. 5(a), the spectrum is
greatly broadened by SPM and the dynamically evolving gain
spectrum, having a 10 dB bandwidth of 32 nm. However, we noticed that the center of the spectrum has moved to ∼1037 nm, 11
dB stronger than the spectral intensity at the input wavelength
of 1024 nm. This central wavelength shift can be attributed to
reabsorption at shorter wavelengths in the Yb-fiber. The smooth
spectral peak around 1037 nm should represent the gain center
of the active fiber, which coincides with the wavelength of the
input pulses in Fig.5(a) and thus explains the narrow spike on
the output spectrum when seeding the amplifier at 1037 nm. Fig.
5(d) shows the measured AC trace of the compressed output
pulses when using seed pulses at 1024 nm, as well as the calculated AC trace of FT limited pulses. The measured AC trace
has a duration of 130 fs, shorter than the case in Fig. 5(b) and
close to the calculated AC duration of 102 fs at FT limit. For
Gaussian pulses, the deconvoluted pulse duration should be 92
fs for a FT limit of 72 fs. The cleaner AC profile with shorter
tails also implies less residual high-order dispersion in the compressed pulses. Having noticed the different performance of the
nonlinear fiber amplifier for different seed wavelengths, we further implemented an independent experiment where we used
the same fiber amplifier as the nonlinear gain medium and a
mode-locked fiber oscillator as the seed. Since the oscillator
emits a smooth spectral profile, we could select arbitrary seed
wavelengths between 1024 nm and 1038 nm and further study
the impact of different seed wavelengths on the amplifier’s per-
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