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Abstract

We firstly report a 2-pwm all-fiber nonlinear pulse compressor based on two pieces of normal dispersion fiber (NDF),
which enables a high-power scaling ability of watt-level and a high pulse compression ratio of 13.7. With the NDF-
based all-fiber nonlinear pulse compressor, the 450-fs laser pulses with a repetition rate of 101.4 MHz are compressed
to 35.1 fs, corresponding to a 5.2 optical oscillation cycle at the 2-pwm wavelength region. The output average power
reaches 1.28 W, which is believed to be the highest value never achieved from the previous 2-pum all-fiber nonlinear
pulse compressors with a high pulse repetition rate above 100 MHz. The dynamic evolution of the ultrafast pulse inside
the all-fiber nonlinear pulse compressor is numerically analyzed, matching well with the experimental results.
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1. Introduction

The 2-pwm ultrafast fiber laser has wide application fields,
such as in gas detection!'!, industrial material processing!>~!,
medical surgery’®! and pumping mid-infrared (IR) optical
parametric oscillators and optical parametric amplifiers!®’!.
At present, the research on 2-um ultrafast fiber lasers is
heading in the direction of generating much shorter laser
pulses, particularly to the few-cycle pulse regime, which
can be employed to drive a water-window X-ray desktop
coherent light source!®! and realize attosecond light pulse
generation!’. By now, the shortest pulse duration of 45 fs
(6.7 optical cycles) has been directly realized from a Tm-
doped fiber oscillator, but with a low average output power
of only 13 mW!"", The average power can be scaled up with
a chirped pulse amplifier, while with the cost of a broadened
pulse duration that typically is hundreds of femtoseconds,
which arises from the spectrum narrowing effect!!'=1°1,
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A fiber-based nonlinear pulse compressor, which relies on
the nonlinear spectrum broadening process in the gas-filled
hollow core fiber (HCF), Kagome-fiber or highly nonlinear
fiber (HNLF), is the most efficient way to realize few-cycle
laser pulses!'’~'°1. Among them, the HNLF possesses a large
nonlinearity and can be employed for the compression of a
small energy laser pulse with a high pulse repetition rate.
Typically, the employed HNLF has a mode field diameter
(MFD) either smaller than 4 wm or larger than 10 pwm,
both of which can be directly fused with standard single-
mode fibers, and thus are favorable for constructing an
all-fiber nonlinear pulse compressor without grating pairs
or chirped mirrors for post pulse compression. Figure 1
summarizes the previously reported 2-pum all-fiber nonlinear
pulse compressors. The shortest pulse duration of 13 fs (~2-
cycle)?"! and highest output power of 24.5 W!*!l have been
realized with a large MFD-HNLF. However, the large MFD-
HNLF requires a driving laser pulse at the microjoule level.
A small MFD-HNLF is suitable for realizing the nonlinear
pulse compression of a nanojoule-level laser pulse with a
high pulse repetition rate above 100 MHz. For example,
pulse durations of less than 40 fs with the repetition rate
of more than or approximately 100 MHz have been realized
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Figure 1. The reported 2-pum all-fiber nonlinear pulse compressors. (a) Pulse compression ratio versus pulse repetition rate. Label: the reported values of
the pulse compression ratio. (b) Pulse duration versus pulse repetition rate. Label: the output average power. HNLF, highly nonlinear fiber; NDF, normal
dispersion fiber; MFD, mode-field diameter; pulse compression ratio, the ratio between the driving laser pulse and the compressed laser pulse.

with small MFD-HNLF?>>] Few-cycle laser pulses with
the repetition rate of more than 100 MHz are beneficial for
improving the signal-to-noise ratio in spectroscopy experi-
ments'*®!. Besides that, such a pulse laser source also can be
used for studying and controlling ultrafast charge transport
in dielectrics!*” and in semiconductors”®!.

The small MFD-HNLF typically has a large nonlinear
coefficient of more than 10 W' km™! and a total dispersion
close to zero. The MFD of HNLF is much less than that of
standard single-mode fiber (8§ pm at 1950 nm). The large
mode-mismatching between them increases the thermal load
and optical loss at the position of the fusing point, which
limits the further power scaling of small MFD HNLF-based
nonlinear pulse compressors. Besides that, the pulse splitting
effect usually shows up due to the overdriven nonlinearity
with a high driving laser pulse power, thus making the
average output power in small MFD HNLF-based nonlinear
pulse compressors limited within several hundreds of milli-
watt (see Figure 1(b)). The corresponding pulse compression
ratios are less than 6 (see Figure 1(a)).

The 2-pm normal dispersion fiber (NDF) possesses a large
normal dispersion of 0.137 ps*/m and a moderate nonlinear
coefficient of 2.68 W-! km™, which is smaller than that
of the HNLF of 10 W-! km™' but larger than that of the
standard single-mode fiber of 0.53 W' km™'. The input
ultrafast laser pulse inside the NDF will be broadened in
both the frequency and time domains, which lowers the peak
power of the ultrafast laser pulse. This can prevent the pulse
splitting effect induced by the overdriven nonlinearity and
enable tolerating a higher driving laser power'>”). Simulta-
neously, considering the easy direct fusion of NDF with
other standard single-mode fibers, it is very much expected to
construct an all-fiber nonlinear pulse compressor. However,
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to the best of our knowledge, there is no report on an NDF-
based all-fiber nonlinear pulse compressor at this moment.

In this paper, we develop an all-fiber nonlinear pulse
compressor based on 2-pum NDF for the first time. A 450-
fs long 2-pm laser pulse with a pulse repetition rate of
101.4 MHz is compressed to 35.1 fs, corresponding to 5.2
optical oscillation cycles. The pulse compression ratio is
13.7, which is more than two times larger than that of pre-
viously reported 2-pum all-fiber nonlinear pulse compressors
operating in the high pulse repetition region of more than
100 MHz. The output average power exceeds 1 W, which
is the highest average power never realized in previously
reported 2-pwm all-fiber nonlinear pulse compressors with a
more than 100-MHz pulse repetition rate. The experimental
results are further analyzed with the generalized nonlinear
Schrodinger equation, showing good agreement with the
simulated results.

2. Experimental results and discussion

Figure 2 presents a schematic diagram of the NDF-based
all-fiber nonlinear pulse compressor. The ultrafast driving
laser pulse is delivered from a Tm-doped fiber laser amplifier
with a pulse repetition rate of 101.4 MHz (see Figure 3).
The dispersion of the ultrafast laser pulse can be adjusted
with a grating pair. The driving laser beam is collimated and
fed into the following all-fiber nonlinear pulse compressor
with a fiber collimator after transmitting through a half-
wave plate. The pigtail of the input fiber collimator is a
19-cm long polarization maintaining fiber (PMF; Nufern,
PM-SMF-10/130). Two pieces of NDFs (NDF1 and NDF2)
with lengths of 28 and 15 cm are employed for nonlinear
pulse compression. Between NDF1 and NDF2, a 40-cm long
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Figure 2. Schematic diagram of the NDF-based all-fiber nonlinear pulse compressor. A/2, half-wave plate; PMF, polarization maintaining fiber; NDF,

normal dispersion fiber; SMF, single-mode fiber.
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Figure 3. (a) The laser spectrum of the ultrafast driving laser pulse versus average power. (b) The full width at half maximum (FWHM) of the laser spectrum
and pulse duration versus average power. Inset: the autocorrelation trace of the driving laser pulse at the maximum average power of 2.14 W.

single-mode fiber (Corning, SMF-28) is used to balance
the NDF1- and self-phase modulation (SPM)-induced up-
chirp. The laser pulses are coupled out by another fiber
collimator with a 22-cm long single-mode pigtail (SMF2).
The parameters of the employed fibers are listed in Table 1.
The optical spectrum and the pulse duration of the laser
pulse are respectively measured with a spectrometer (APE,
WaveScan USB) and an autocorrelator (APE, pulseCheck).
The output power is recorded with a power meter (Thorlabs,
S5425C).

Figure 3 shows the characteristics of the ultrafast driving
laser pulse for different average output powers. As the aver-
age power scales up, the laser spectrum is always centered
at 2012 nm with the range covering from 2000 to 2020 nm
(see Figure 3(a)). Once the average power exceeds 0.4 W and
further goes to 2.14 W, the spectral bandwidth keeps around

Table 1. The parameters of the employed fibers in the 2-pm all-
fiber nonlinear pulse compressor.

Fiber type CD¢ MFD? GVD¢ y4 NA°¢
(wm)  (ps*/m)  (W~'km!)
PM-SMF-10/130 10 11 ~0.095 037 015
SM2000D 21 4 0.137 268 037
SMF-28 8.2 9.2 —0.081 053 02

“CD: core diameter.

bMFD: mode field diameter.
“GVD: group velocity dispersion.
4y is the nonlinear coefficient.
¢NA: numerical aperture.
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approximately 10 nm (see Figure 3(b)). The pulse duration of
the driving laser pulse approaches less than 500 fs when the
output power exceeds 0.2 W. The measured autocorrelation
trace at the maximum average power of 2.14 W shows the
shortest pulse duration of 436 fs, which approaches the
Fourier transform limited (FTL) value of 425 fs by assuming
a sech® pulse shape.

Initially, the ultrafast driving laser pulse is slightly
stretched to 450 fs by introducing a positive group delay
dispersion (GDD) of 418,000 fs*>. As the ultrafast driving
laser pulse enters into the nonlinear pulse compressor, the
up-chirped driving laser pulse can balance the polarization
maintaining (PM) fiber-introduced anomalous dispersion of
—18,000 fs?, thus ensuring a near-FTL laser pulse reaches
the NDFI1. The laser spectrum out of the fiber NDF1 is
broadened to a range of 200 nm from 1900 to 2100 nm (blue
dashed line in Figure 4(c)), which is about 10 times broader
than the ultrafast driving laser pulse. The 40-cm long single-
mode fiber SMF1 behind NDF1 provides a negative GDD of
-33,000 fs?, which can partly compensate the up-chirp inside
the ultrafast laser pulse. Then the laser pulse enters into
the 15-cm long NDF (NDF2), which additionally adds a
positive GDD of 420,000 fs?. After passing through a 22-cm
long single-mode fiber (SMF2) with a negative GDD of
—17,800 fs?, the ultrafast laser pulse is coupled out of the
nonlinear pulse compressor with an output collimator.

Figure 4(b) shows the output power of the all-fiber nonlin-
ear pulse compressor versus the input driving laser power.
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Figure 4. (a) The output power of the all-fiber nonlinear pulse compressor versus the driving laser power. Inset: the power stability at the maximum output
power measured within 1 hour. (b) The measured spectrum output from the all-fiber nonlinear pulse compressor versus the driving laser power. (c) The
output spectrum from the all-fiber nonlinear pulse compressor at the maximum output power of 1.28 W (red line), the output spectrum behind NDF1 (blue
dashed line) and the input driving laser spectrum at the maximum power of 2.14 W (black line). (d) The radio frequency spectrum of the compressed laser
pulse within the scanning range of 1 MHz with a resolution bandwidth (RBW) of 300 Hz.

As the average power of the ultrafast driving laser scales
up to 2.14 W, the output power is linearly increased to
1.28 W with a power fluctuation of 0.26%. The corresponded
power loss approaches approximately 40%, which mainly
arises from the coupling loss (~8%) of the fiber collimator
and the total mode-mismatching loss (~32%) of different
fibers. With the increase of the input driving laser power,
the nonlinear spectrum broadening effect is also enhanced
(see Figure 4(b)). At the maximum output power, the output
spectrum is extended to a spectral range of 300 nm from 1850
to 2150 nm, about 1.5 times larger than that measured behind
NDF1 (see Figure 4(c)). The modulations on the top of the
broadened spectrum are mainly attributed to the enhanced
SPM effect and the PM fiber-induced birefringence filtering
effect. The measured radio frequency spectrum shows a
signal-to-noise ratio of 70 dB at 101.4 MHz. There are no
obvious sub-peaks near the fundamental frequency comb,
indicating that no strong pulse splitting effect occurs inside
the all-fiber nonlinear pulse compressor.

Figure 5(a) gives the compressed pulse duration under
different input powers. At the maximum input power, the
measured autocorrelation trace is as presented in Figure 5(b).
It shows that the shortest pulse duration is 35.1 fs by
assuming a sech’ pulse shape, corresponding to a pulse
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compression ratio of 13.7, which is believed to be the largest
value never realized in a previously reported 2-pm all-
fiber nonlinear pulse compressor operating with a more than
100-MHz pulse repetition rate (see Figure 1). The pedestal at
the bottom of the autocorrelation trace arises from the higher
order dispersion, which cannot be compensated with the
single-mode fiber. The realized pulse duration is expected
to be further narrowed with a shorter pulse duration and a
higher peak power of the driving laser.

For further investigating the evolution of the ultrafast
driving laser pulse inside the nonlinear pulse compressor,
a numerical model is established based on the generalized
nonlinear Schrodinger equation (GNLSE)™’!, which is given
as follows:

8A+a
z 2

. 2 i 24\ _ i 2
_zy[|A|A+zSaT (1A1%A) R(t)A8T|A|:|. (1)

B d’A B3 3°A
A2’ BT
T A

The right terms simultaneously incorporate the nonlinear
effects, including SPM, self-steepening and the stimulated
Raman scattering effect. In the GNLSE, A is the slowly vary-
ing pulse envelope, z represents the propagation distance, a
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Figure 5. (a) The pulse duration of the compressed pulse versus input driving
pulse at the maximum input driving laser power of 2.14 W.

denotes the fiber loss, 8, and B3 are the second- and third-
order dispersion parameters, respectively, wy is the angular
frequency of the driving laser pulse, T is the time delay
relative to the driving laser pulse and y is the nonlinear
coefficient. Here, S = y; (wy) /y (wo) corresponds to the
effect of self-steepening, where y; (w) = dy () /dw and
ay is the central angular frequency. The response function
R(t) = (1 —fR) 6 (¢) +frhr (¢) includes both the instantaneous
electronic and delayed Raman contributions, with fg
0.18 representing the fractional contribution of the delayed
Raman response. For the Raman response function of the
silica fiber, hr (1) = 71 (7> + 1, *) exp (—t/T2) sin (¢/71), in
which 7, and 7, are 12.2 and 32 fs, respectivelyt*'.
According to the parameters of the employed fibers in
Table 1, we simulate the pulse and spectrum at the position
between different types of fiber inside the nonlinear pulse
compressor, which are presented in Figure 6. The center
wavelength of the driving laser pulse is set to 2012 nm
with a full width at half maximum (FWHM) bandwidth of
9.7 nm. The pulse duration is slightly up-chirped to 450 fs
similar to that in the experiment (see Figures 6(a) and 6(g)).
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When the driving laser pulse firstly goes through the PMF,
the laser pulse is shortened to 433 fs by the PMF-provided
negative GDD of —18,000 fs*> (see Figure 6(b)). The pulse
spectrum slightly broadens from 9.7 to 10 nm (see Figure
6(h)). Once the laser pulse goes into the NDF (NDF1), the
spectrum bandwidth broadens from 10 to 55 nm (see Figure
6(i)). Simultaneously, the laser pulse broadens from 433
to 615 fs, as shown in Figure 6(c). The laser pulse shows
a parabolic shape, which is a typical characteristic of an
ultrafast laser pulse propagating inside an NDF*’l. As the
laser pulse further goes out of the single-mode fiber (SMF1),
which provides a negative GDD of —33,000 fs2, the laser
pulse is compressed down to 180 fs (see Figure 6(d)). Simul-
taneously, the spectrum bandwidth further broadens to 67 nm
(see Figure 6(j)). The narrowed laser pulse strengthens the
nonlinear effect in the second NDF (NDF2), making the
spectrum broaden to a range of 302 nm from 1811 to 2113 nm
(see Figure 6(k)), which is about two times broader than
that from NDFI1. The pulse evolves into a parabolic shape
with a pulse duration of 1040 fs, as shown in Figure 6(e).
The residual chirp of the laser pulse is compensated with
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Figure 6. The simulated pulse (a)—(f) and spectrum (g)—(1) at the output port of each piece of fiber along the all-fiber nonlinear pulse compressor.
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Figure 7. (a) The simulated (red line) and measured (black line) spectra of
the ultrafast driving laser pulse. (b) The simulated (red line) and measured
(black line) spectra at the output port of NDF1. (¢) The simulated (red
line) and measured (black line) spectra at the output port of SMF2. (d) The
simulated and FTL pulses at the highest output power.

a second piece of single-mode fiber (SMF2) by providing
a negative GDD of —17,800 fs?, finally resulting in a pulse
duration of 32.5 fs (see Figure 6(f)). Figure 6(1) is the final
spectrum, which is slightly broadened to a range of 311 nm
from 1814 to 2125 nm. Further calculation shows the peak
power of the output pulse is 0.39 MW. The critical power
of self-focusing can be estimated as P, ~ MIQmangm) =
22.6 MW, where ng = 1.455% and np = 1.94 x 10720 m?/WB4
are the linear and nonlinear refractive indexes, respectively.
Therefore, the pulse compression is completely induced by
multiple compensation of the temporal chirp, and spatial
effects make no contribution.

The simulated spectrum out of the first NDF (NDF1)
matches well with the measured results (see Figures 7(a) and
7(b)). However, for the simulated spectrum out of SMF2, the
intensity of the measured spectrum in the long wavelength
region of more than 2050 nm is obviously lower than that of
the simulation. This is attributed to the largely wavelength-
dependent loss of the NDF, which is not considered in
the simulation (Figure 7(c)). Besides that, the unaccounted
PM fiber-induced birefringence filtering effect also results
in a mismatching between the simulation and experiment.
The red line in Figure 7(d) is the simulated 32.5 fs pulse,
which approaches the FTL pulse of 27 fs (black line),
corresponding to the residual GDD of +220 fs. The obvious
pedestal at the bottom of the simulated single pulse (red line
in Figure 7(d)) arises from the uncompensated high-order
dispersion and the spectral shape of the simulated spectrum
(red line in Figure 7(c)).

3. Conclusion

Based on the NDF, which possesses a moderate nonlinearity
and large normal dispersion, we construct an all-fiber non-
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linear pulse compressor. With the all-fiber nonlinear pulse
compressor, 450 fs, 101.4 MHz, 2-pm ultrafast driving laser
pulses are compressed to 35.1 fs with a pulse compression
ratio of 13.7, corresponding to only 5.2 optical oscillation
cycles. The average output average power is 1.28 W. Both
the pulse compression ratio and the output average power
are the state-of-the-art values never achieved from previously
reported more than 100-MHz 2-pm all-fiber nonlinear pulse
compressors. Both the experiment and theory show that the
NDFs are suitable for nonlinear pulse compression of 2 pm
high-power laser pulses.
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