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Two key frontier issues on picosecond pulses generated
by mode-locked fiber lasers
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Abstract: Narrowband dissipative soliton mode-locked fiber lasers can produce transform-limited picosecond
pulses. Unfortunately, due to the limitation of allowable nonlinear phase shift for the intracavity pulse, the repetition
rate of the pulses generated by such lasers cannot be reduced by increasing the cavity length; the pulse energy is only
below 0.1 nJ. These seriously restrict the practical application of such picosecond pulsed fiber lasers. In this paper, we
propose a method that allows the cavity length to be increased to reduce the repetition rate of the narrowband
dissipative soliton picosecond fiber laser pulses by extracting the pulse energy out of the cavity with a coupler to
suppress the accumulation of nonlinear phase shift of the intracavity pulses. Using this method, the laser repetition rate
was successfully reduced from 35.2 MHz to 1.77 MHz, and the pulse time-frequency characteristics remained
unchanged. We also propose a method to suppress spectral broadening in picosecond pulse fiber amplification based
on inter-stage FBG notch filtering. By simply using the inter-stage notch filter, the output pulse spectrum width after
the first-stage fiber amplifier can be narrowed, allowing the second-stage fiber amplifier to further increase the pulse
energy, and also, the pulse can be reshaped to be nearly Gaussian-shaped, allowing the second-stage fiber amplifier to
increase the pulse energy higher by using the Gaussian pulse characteristics of the smaller spectral broadening slope.
Using this method, on the premise of keeping the RMS spectral width within 0.4 nm, after a 10 ps pulse passes through
a standard single-mode fiber amplifier, the pulse energy can be increased from 0.2 nJ to more than 10 nJ.
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Fig. 1 Configuration of linear cavity picosecond pulsed fiber laser based on SESAM and narrowband FBG filter,
equivalent schematic diagram of the round-trip transmission for the pulses in the cavity
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Table 1 Parameters used in simulations of the fiber laser

parameter value
Av, vo and Ty of NBF 0.3 nm, 1064 nm, 60%
qo, relaxation time and Pgy of SAM 18%, 0.5 ps, 6 W
length, GVD and nonlinearity of SMF1 1 m, 0.024 ps*/m, 3.5X10° W "-m"'
length, g and saturation energy of YDF 1 m, 9.6 dB/m, 1 nJ
length, GVD and nonlinearity of SMF2 1 m, 0.024 ps’/m,3.5X10° W 'm™
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Fig.2 Electric field envelopes of output pulses in (a) time domain and (b) frequency domain
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Fig. 3 Electric field envelope evolutions in time domain and frequency domain for pulse propagating along different fibers in the cavity
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Fig. 4 (a) Output pulse energy and NPS experienced by the intra-cavity pulse as functions of the cavity gain;
(b) temporal and spectral widths of the output pulses as functions of the cavity gain
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Fig.7 Measured intensity autocorrelation trace (a) and spectrum (b) of output pulses when the pulse energy is 73 pJ
P70 K AR S 73 pI O 9 3 B AR 53 (a) LS (b)

BIRLIZ T ARV I I ) NPS JEAS Sy 5, DATTT R A8 1 0O #5% 5 Dk o SRS 5 e o 10 A T T R X Aot FRAT 1A%
P 1(a) BT /R fR 4 18 (0 2R T s 1k 3h B 6 27 3806 25 25 A Ao pl P 8 T/, 3 ot 7 s Y 47 A — FUPR il 48 1 0 4 O 750
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NPS B R AMRSR 0T A 1 Fe VR (9 15 N NPS 8, LAEAT LA 3 3 in i 4K R B AR O 25 i s Bk b ity 5 52 00% . 11 8 i
7R oG ES A a5 1 (a) thIg AR TE], IR 8 2 ORI Z5 1, 1L FBG 1Y ST 3R EB0CH 90%, LAHRIE R AT R4
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FBG: fiber Bragg grating; OC: optical coupler;
YDF: Yb-doped fiber; WDM: wavelength division multiplexer;
i output SESAM: semiconductor saturable absorber mirror; ISO: fiber isolator

Fig. 8 Configuration of the passively mode-locked fiber laser for picosecond pulses with reduced repetition rate
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Fig. 9 Measured output pulse spectra of the 35.2 MHz laser when the pump power is (a) 98 mW, (b) 116 mW, and (c) 130 mW, respectively
P9 S B o Dk ', R o B 23 2 5435 : (2) 98 mW; (b) 116 mW; (¢) 130 mW
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Fig. 10 Measured intensity autocorrelation traces (color curves) and their Gaussian fitting (black curves) of output pulses for the 35.2 MHz
laser when the pump power is (a) 98 mW, (b) 116 mW, and (c) 130 mW, respectively
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Fig. 11 (a) Measured intensity autocorrelation trace (red curve) and its Gaussian fitting (blue curve) of the output pulses for the 13.1 MHz laser,
the inset shows the corresponding spectrum; (b) Measured pulse trains of the laser
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Fig. 12 (a) Measured intensity autocorrelation trace (blue curve) and its Gaussian fitting (red curve) of the output pulses for the 7.7 MHz laser,
the inset shows the corresponding spectrum; (b) Measured pulse trains of the laser
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Fig. 13 Output pulse characteristics of the laser after inserting 50 m LMA fiber in position A: (a) measured pulse profile, the inset shows the pulse train;
(b) measured RF spectrum of pulse train with resolution of 300 Hz, the inset shows the higher harmonics with resolution of 3 kHz; (c¢) measured optical

spectrum; (d) measured intensity autocorrelation traces (blue) and Gaussian fitting traces (red) of output pulses
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Fig. 14 (a) Schematic diagram of the high fidelity two-stage picosecond pulse fiber amplifier based on inter-stage FBG notch filter; (b) measured output
pulse spectrum of the oscillator with the resolution of 0.02 nm; and (c) measured intensity autocorrelation trace and its Lorentz fitting for the
output pulses. In the mark of 9.4 ps X2.42, 2.42 is the Lorentz fitting constant, and 9.4 ps is regarded as the measured pulse width
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Fig. 15 (a) Measured spectra when the output pulse energies of YDFA-1 are different; (b) measured spectra for the pulses after the FBG notch filter
under different controlling temperature; (c) measured intensity autocorrelation traces and their fitting curves for the pulses after the FBG
notch filter under different controlling temperature; (d) measured spectra for different output pulse energies of YDFA-2 when the
controlling temperature of the FBG notch filter is at 40 °C, where the labeled bandwidths are 3-dB bandwidths
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Fig. 16 (a) Spectral broadening factor N as functions of nonlinear phase shift ¢ for Gaussian and Lorentz-shaped pulses; (b) spectral broadening slope as
a function of spectral profile coefficient m of the pulse; (c) RMS bandwidths for the output pulse of YDFA-2 as functions of the pulse energy when the
controlling temperatures of the FBG notch filter are at 20 “C (green triangle), 30 °C (red circle) and 40 °C (black rectangle), respectively
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Fig. 17 (a) Measured intensity autocorrelation traces and their fitting curves for the output pulses of YDFA-2 when the controlling temperature of the
FBG notch filter is at 20 and 40 °C, respectively; (b) RMS bandwidths as functions of output pulse energy from YDFA-2 with 6 pm (black rectangle),
11 um (magenta pentagon) and 15 pm (purple hexagon) core-diameter gain fibers when the controlling temperature of the FBG notch filter is at 40 C
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