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We report an experimental generation of few-cycle pulses at 53 MHz repetition rate. Femtosecond pulses with pulse dura-
tion of 181 fs are firstly generated from an optical parametric oscillator (OPO). Then, the pulses are compressed to sub-
three-cycle with a hybrid compressor composed of a commercial single-mode fiber and a pair of prisms, taking advantage
of the tunability of the OPO and the numerical simulating of the nonlinear compression system. Our compressed optical
pulses possess an ultrabroadband spectrum covering over 470 nm bandwidth (at −10 dB), and the output intensity fluc-
tuation of our system is less than 0.8%. These results show that our system can effectively generate few-cycle pulses at a
repetition rate of tens of megahertz with excellent long-term stability, which could benefit future possible applications.
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1. Introduction

Few-cycle pulses have attracted much attention owing to their
successful applications in such fields as sensing[1], production of
attosecond pulses[2], generation of high harmonics[3], extreme-
ultraviolet pulse[4], advancement of novel X-ray sources[5], and
frequency combs[6]. To date, systematic methods have been
developed to achieve few-cycle pulses to meet specific applica-
tion needs. The measurement of few-cycle pulses can be based
on nonlinear intensity cross correlation and the spectrum or
spectral interferometry[7,8]. Spectral broadening and pulse com-
pression are fundamental processes required in the few-cycle
pulse generation. Therefore, considering the limited gain band-
width, most few-cycle techniques focus on high-power, high-
energy lasers and nonlinear pulse compression systems. Noise
like mode-locked lasers have the potential to output high-energy
pulses[9]. The nonlinear media include multiplates, multipass
cells, and gas-filled hollow core fibers that are based on self-
phase modulation (SPM)[10–13]. However, the repetition rates
of such systems are commonly limited to kilohertz.
Indeed, few-cycle systems at repetition rates in the range of

several tens of megahertz are of great value in those scenarios
that require a high signal-to-noise ratio, large statistics, and
a high flux. In the past decades, Kerr-lens mode-locked

Ti:sapphire lasers, providing the shortest pulses with only 5 fs
directly from the oscillator, remain the major workhorse of
the research field due to the remarkable spectral bandwidth of
this gain material[14]. However, water cooling is essential due
to the unavoidable heat load in the laser crystal, hindering
their further application. Recently, with careful dispersion man-
agement, optical parametric oscillators (OPOs)[15], optical
parametric amplifiers (OPAs)[16], and novel Mamyshev fiber
oscillators[17] can also directly produce few-cycle pulses. In
either of these cases, the cavity configurations need to be
designed with great care.
Apart from direct generation, another efficient way to reach

the few-cycle regime is to utilize nonlinear pulse compression in
a highly nonlinear fiber. In 2009, nonlinear compression in an Er
laser amplifier to the two-cycle pulse regime at a central wave-
length of 1.17 μm was demonstrated[18]. Very recently, spectral
broadening in Er laser systems and then compression to< 10 fs
have also been presented with a highly nonlinear fiber[19]. The
major challenge in these systems is the design of the highly non-
linear fiber. The ultrabroad spectrum generation in the anoma-
lous dispersion fiber involves complex soliton dynamics, some
of which, like higher-order soliton fission, will undermine the
pulse quality and spectral coherence. The SPM effect is the main
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nonlinear process that will ensure the coherence of spectral
broadening in a normal dispersion fiber[20,21]. Therefore, the
generation of high-power, high-repetition-rate few-cycle laser
pulses faces an ongoing challenge.
It is worth noting that OPOs are a kind of versatile and flexible

seed source that produces ultrashort optical pulses with a tun-
able wavelength, pulse duration, and power[22,23]. Moreover,
nonlinear pulse compression can benefit greatly from these
parameters. In this Letter, we demonstrate nonlinear compres-
sion of 181 fs pulses from a femtosecond OPO to the sub-three-
cycle regime in a commercially available highly nonlinear fiber.
First, we use numerical simulations to show that the average
power, central wavelength, and pulse duration affect nonlinear
compression for finding proper experimental parameters. Then,
by adjusting the experimental condition accordingly, an ultrab-
road spectrum with a 10 dB spectral bandwidth of 476 nm is
obtained inside a normal dispersion fiber (UHNA7, Nufern)
when the injected OPO pulses are centered at 1502 nm. We
achieve pulse duration down to 14.5 fs (2.9 cycles centered at
1502 nm) by not only adjusting the hybrid compressor com-
posed of a commercial single-mode fiber (SMF, Corning) and
a pair of prisms but also tuning the state of the OPO. In the case
of a central wavelength at 1463 nm of the injection pulses, the
compressed pulses have a pulse duration of 22 fs (4.5 cycles cen-
tered at 1463 nm). Our work achieves few-cycle pulse generation
by using a commercially available fiber together with a tunable
laser source, which may expand the application space of high-
repetition-rate few-cycle pulses.

2. Experiment

The experimental setup is shown in Fig. 1(a). As shown in
Fig. 1(b), the laser source used in our experiment is a home-
made femtosecond OPO, which is pumped by a home-built
Yb3� fiber amplifier system with 2 W output power at 53 MHz
repetition rate. A 3-mm-long, 12.3-mm-wide, and 1-mm-thick
5% MgO-doped periodically poled lithium niobate (MgO:
PPLN) crystal, which contains ten gratings with periods ranging
from 27.58 to 31.59 μm in steps of 0.5 μm, is used as the gain
element in the OPO. The PPLN crystal is anti-reflection coated
over 1000–1100 nm and 1420–2000 nm (R < 1%). The length of
the linear cavity is set to be ∼2.83m to ensure the synchronous
pumping condition. The output pulses are injected into a com-
mercial 27 cm UHNA7 fiber with a tiny core diameter of 2.4 μm
by lens L1 (f = 5.95mm). The group velocity dispersion (GVD)
profile of the UHNA7 fiber is shown in Fig. 1(c)[24]. The normal
dispersion broadening minimizes noise and ensures a clean
phase accumulation that can be recompressed. For efficient
pulse compression, we utilize a two-stage compression scheme.
In the first stage, a 15 cm commercial SMF is directly spliced
with theUHNA7 fiber, and the GVDprofile of the SMF is shown
in Fig. 1(c)[25]. For the follow-up compression stage, a pair of
SF11 prisms is used where the pulse can be recompressed to
shorter pulse duration. Last, an autocorrelator (PulseCheck-
50, APE GmbH) is used to characterize the pulse duration.

3. Experimental Results and Discussion

First, we conduct a numerical simulation of the nonlinear pulse
compression process for injection pulses with different power,
wavelength, and pulse duration. The injection parameters are
taken from the measured OPO output in the experiment. A
theoretical model based on the generalized nonlinear
Schrödinger equation (GNLSE) is used to simulate the dynamics
of pulse propagation in the UHNA7 and SMF[26]. We simulate
the spectral broadening in the UHNA7 fiber and the dispersion
compensation in a hybrid compressor composed of 15 cm SMF
and a pair of SF11. In the simulation, the seed pulse is an ideal
Gaussian pulse. The final compressed pulses can be obtained by
adjusting the prisms. The Strehl ratio (SR) is an index to quantify
how close the compressed pulse is compared to a transform-lim-
ited pulse with the same spectrum. SR is defined as [27]

SR =
1=

R jAj2dt
1=

R jATLj2dt
, (1)

where jAj2 and jATLj2 are the normalized temporal envelopes of
the compressed and transform-limited pulses, respectively. In
Fig. 2(a), we present the simulated SR of compressed pulses with
different input parameters. For different central wavelengths,
pulse durations, and powers, the maximum value that the SR
can reach is different. For a better understanding of this cube,
we also show the results by fixing one of the parameters, and
the results are shown in Figs. 2(b)–2(d). The reason for this phe-
nomenon is that through the nonlinear compression system a
change of the central wavelength, pulse duration, and power will

Fig. 1. (a) Schematic diagram of the experimental setup. M, mirrors; L, lenses;
SF11, Brewster-angled prism pulse compressor; OSA, optical spectrum ana-
lyzer. (b) Experimental setup of the OPO. HWP, half-wave plate; PBS, polarizing
beam splitter; M1, M4–M7, mirrors; M2, M3, lenses; PPLN, periodically poled lith-
ium niobate crystal. (c) The GVD (β2) profile of UHNA7 and SMF.

Vol. 20, No. 5 | May 2022 Chinese Optics Letters

051901-2



lead to a change of the accumulated nonlinear chirp and higher-
order dispersion.
Here, we use a synchronously pumped femtosecond OPO,

whose output pulse duration, wavelength, and power are
strongly correlated with each other due to the intracavity group
delay dispersion and nonlinear effects. Therefore, the OPO out-
put pulses cannot cover all points in the simulation cube. We
experimentally observe the compressed pulses with the shortest
duration when the input OPO pulses have a pulse duration of
181 fs and a central wavelength of 1502 nm. The spectral band-
width of the OPO is 24 nm (at −3 dB), and the output average
power is 620 mW. The measured spectrum (with spectrum ana-
lyzer Yokogawa, AQ6374) and autocorrelation results are shown
in Figs. 3(a) and 3(b). Compared to the simulation result, we find
that the SR result at our experimental condition is relatively
closer to one than that of the surrounding area [labeled with
a red square mark in Fig. 2(a)], indicating that the compressed
pulses have a better quality.
To better describe pulse propagation in the 27 cm UHNA7

fiber and the 15 cm SMF, Fig. 4(b) shows the spectral evolution

during pulse propagation. Below the white dashed line, the pulse
propagates in the UHNA7 fiber where the spectrum begins
broadening. It can be seen from the simulation that the spectral
width hardly broadens as the transmission distance of the pulse
in the UHNA7 increases. In order to ensure enough spectral
broadening and avoid the accumulation of more nonlinear
chirps due to a too long fiber, the UHNA7 fiber with a length
of 27 cm was used in the experiment. In the wavelength range
of normal dispersion, the main reason for spectral broadening is
SPM and optical wave breaking[20,21]. In the initial stage of spec-
tral broadening, SPM plays a major role, and afterward the spec-
trum further broadens under the effect of optical wave breaking.
The model based on the GNLSE yields good agreement with our
experimental measurements in Fig. 4(a). The bandwidth of the
experimental spectrum is 476 nm (at−10 dB level) at a launched
pulse power of 620 mW (11.7 nJ). The output power is 102 mW,
yielding ∼16.5% efficiency due to the lens coupling loss, splicing
loss, and nonlinear spectral broadening loss.
After that, the pulses are injected into the 15 cm SMF above

the white dotted line in Fig. 4(b) where the spectrum is no longer
broadened. The pulses are only compressed in the time domain
without the effects of higher-order soliton fission and Raman
soliton self-frequency shift. The phenomenon happens because
the length of the SMF is short, and the negative dispersion pro-
vided by the SMF is not enough to compensate the positive chirp
provided by the UHNA7 fiber. Thus, the 15 cm SMF is selected
as the pre-compression in the experiment.

Fig. 3. (a) Output spectrum from the OPO. (b) Typical intensity autocorrelation
trace at 1502 nm.

Fig. 4. (a) Experimental and simulated final output spectra at 1502 nm.
(b) Simulation of spectral evolution in 27 cm UHNA7 and 15 cm SMF.

Fig. 2. (a) Simulation of SR for different wavelengths, pulse durations, and
powers. (b)–(d) Slice diagrams of (a) with pulse duration of 180 fs, central
wavelength of 1500 nm, and power of 0.31 W, respectively. The color bar rep-
resents the SR.
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After passing the UHNA7 and SMF, the pulses are recom-
pressed by the SF11 prism. This fiber–prism hybrid compression
system can bring the following advantages: (1) the prisms can
precisely compensate the second-order dispersion, thus leading
to shorter pulse duration, and (2) the fiber can make the system
more compact. Since the second-order dispersion of the prisms
is limited, quite a long distance between the prisms is required if
only prisms were used. After compression, the interferometric
autocorrelation traces of the pulse in accord with the ratio of
8:1 are shown in Fig. 5(a). The intensity envelope and temporal
phase of the pulse retrieved from the phase and intensity from
correlation and spectrum only (PICASO) algorithm[7] are
shown in Fig. 5(b), which reveals a high-quality 14.5 fs pulse cor-
responding to nearly 2.9 optical cycles at the center wavelength
of 1502 nm. The measured pulse duration is slightly longer than
the transform-limited one (∼10 fs) owing to the residual higher-
order dispersion and nonlinearity. The recorded output power
of the compressed pulses is 66 mW.
To investigate the long-term stability of the few-cycle pulses, a

spectrometer covering a wavelength range of 900 nm to 1700 nm
is used to measure the spectrum within 20 min, as shown in the
inset in Fig. 5(c). The root-mean-square (RMS) of the spectral
intensity at 1502 nm is 0.98% (the orange trace). The blue line
in Fig. 5(c) shows the change of 10 dB spectral bandwidth, pre-
senting 0.78% RMS, indicating that the spectral bandwidth has
good stability within the same time span. In the experiment, the
whole system is exposed in free space. Given that the whole sys-
tem is packaged and isolated in a closed box to reduce the envi-
ronmental disturbance, the stability of the system can be further

improved. Overall, the system has excellent stability, which pro-
vides a basis for subsequent generation of few-cycle pulses and
ensures their stability.
Adjusting the period of the OPO crystal will get few-cycle

pulses at different center wavelengths. In another case, 22.1 fs
pulses are generated. The OPO output pulses are centered at
a wavelength of 1463 nm [see purple-filled part in Fig. 6(a)],
and the spectral bandwidth is 33 nm (at −3 dB). The pulse dura-
tion is 140 fs, and the average output power is 452 mW (8.5 nJ).
The broadened spectrum from the UHNA7 fiber is shown as the
pink line in Fig. 6(a). As shown in Fig. 6(b), the interferometric
autocorrelation traces are obtained after the pulses are com-
pressed by the SMF and prism sequence. Similarly, the intensity
envelope and temporal phase of the pulses retrieved from
PICASO are shown in Fig. 6(c). In brief, 22.1 fs pulses can be
obtained that correspond to 4.5 optical cycles at a central wave-
length of 1463 nm after tuning the source. The average output
power is 46mWafter pulse compression. Because the state of the
OPO changes, resulting in the change of dispersion and nonlin-
earity in the nonlinear compression system, the compressed
pulse duration is slightly longer than in the previous state.

4. Conclusion

In summary, a simple and efficient nonlinear compression sys-
tem that can produce high-quality and high-repetition-rate sub-
three-cycle pulses is demonstrated. Benefitting from the tuning
ability of the femtosecond OPO, the nonlinear compression evo-
lution process can be optimized, and, in this way, we have
obtained 66 mW, 14.5 fs pulses (2.9 optical cycles at
1502 nm). The simple two-stage compressor composed of an
SMF and a pair of prisms makes pulse compression not only

Fig. 6. (a) Ultrabroad spectrum after the UHNA7 fiber and seed spectrum.
(b) Interferometric autocorrelation of the pulses at 1463 nm after OPO adjust-
ment. (c) Temporal intensity envelope and phase at 1463 nm after OPO
adjustment.

Fig. 5. (a) Interferometric autocorrelation of pulses at 1502 nm; AC signal,
autocorrelation signal. (b) Temporal intensity envelope and phase at
1502 nm. (c) Central wavelength and spectral bandwidth (at −10 dB) stability
at 1502 nm over a period of 20 min. The inset shows spectral stability mea-
surement over the same period.
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compact but also sufficient. Significantly, the highly nonlinear
fiber for spectral broadening and the SMF for pulse compressing
are both common commercial fibers without cumbersome
structures. In addition, our spectral stability measurement indi-
cates that the system is reliable. Our work thus provides a new
and useful method for few-cycle pulse generation using only
commercially available systems, which will facilitate applica-
tions that demand ultrashort pulses at a high repetition rate.
Besides, high-quality few-cycle pulse generation is dominated

by the achieved broadest spectrum and dispersion compensa-
tion. Thus, the dispersion profiles of the UHNA7 and SMF play
a key role in our system, resulting in the upper limit of the pro-
posed method. However, taking advantage of the tunable laser
source, only by changing the nonlinear fiber and the corre-
sponding compressor, our method can be readily utilized at
other wavelength regions.
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