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Abstract: We demonstrate a broadband all polarization-maintaining Yb-fiber laser system
that provides 137-nJ pulse at 140-fs duration. The pulses are generated in a passively
mode-locked laser in which the nonlinear amplifying loop mirror acts as the mode locker, an
integrated nonreciprocal device biases 7/2 phase shift to reduce the mode locking threshold,
and a pair of gratings are involved to force the oscillator operating in its quietest mode. Self-
started mode locking is first achieved in multiple-pulse regime with 250-mW pump power,
and stable single-pulse operation with 1.1-ps pulse duration, 75-pJ energy, and 29-nm
spectral width are obtained subsequently when the pump power is decreased to 135 mW.
Being amplified and spectral broadened, the laser pulses lead to an f, signal with >30-dB
signal-to-noise ratio (SNR) which is suitable for frequency comb stabilization.

Index Terms: Fiber Lasers, mode-locked laser, ultrafast laser, supercontinuum generation.

1. Introduction

Since the extremely accurate longitudinal frequency and ultra-narrow comb-linewidth, optical fre-
quency comb is finding an increasing number of applications in a plethora different areas such as
the frequency metrology, distance measurement, optical molecular spectroscopy, optical clock and
astronomical observation [1]-[6]. Recently, passively mode-locked fiber lasers greatly highlight the
generation of frequency comb due to their compact size, easy manufacturability, stable operation
and high performance [7], [8]. Real saturable absorbers (SA), such as the semiconductor saturable
absorber mirror (SESAM), graphene, and carbon nanotubes are commonly used for mode locking
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[91-[13]. However, limited by the relatively low damage threshold, complicated fabrication and a
gradual degradation over time, the SA materials are confined within the laboratory application [11].

Artificial SA is an alternative way for passively mode locking. The most popular configuration
is the nonlinear polarization evolution (NPE) mechanism which is quite convenient to build with
conventional fiber and bulk components. To date, NPE mode-locked fiber oscillators working in
stretched-pulse regime have produced the pulse duration down to seven optical cycles at both 1.0
and 1.55 um [14], [15]. However, one of the primary drawbacks of NPE lasers is caused by the
employment of discrete spatial optics and non-polarization maintaining (non-PM) single-mode fiber
which bring the sensitivity of external perturbations, such as temperature variation and mechanical
stress. Benefitted from the outstanding stability and immunity in rugged environment, all PM fiber
lasers have been rapidly improved [9], [16]. It has been found that long enough PM-fiber has to be
used to accumulate large enough phase for mode locking so as to the repetition rate is limited to
10 MHz, unless a SESAM is used [17], [18].

Furthermore, fiber laser mode-locked by means of nonlinear amplifying loop mirror (NALM)
with a figure-of-eight architecture has been investigated to be a promising candidate for all PM
configuration with intrinsic low noise [19]-[21]. In these systems, the phase shift Ag between the
clockwise and anticlockwise propagating pulses in the nonlinear loop plays the most significant
role for self-started mode locking, thus relatively long PM fiber and high enough pump power are
necessary [22]-[24]. Besides, an active modulator, such as acousto-optic modulator, or mechanical
tapping would sometimes help to force pulse formation [25], [26]. Recently, as low as 100-uHz
standard deviation of stabilized repetition rate is achieved in a dispersion-imbalanced NALM via
pump-induced refractive index change [27].

To shorten the cavity length and reduce the mode locking threshold of figure-of-eight laser cavities,
Lin et al. proposed a manually adjustable nonreciprocal phase shifter to release the requirement
on nonlinear phase shift [28]. In a phased-biased NALM, the phase shifter offered a linear phase
difference of A¢ between the clockwise and anticlockwise propagating pulses, while the Kerr effect
caused a nonlinear phase difference of Agyn. The overall phase difference Ag is the sum of Ag_ and
Agn. When the overall phase difference accumulated to nz, where n is an odd number, the laser
fully transmits and the cavity loss achieves the minimum. Conversely, in the figure-of-nine laser
cavity, the n need to be an even number. Recently, a transmission type non-reciprocal phase shift
device with discrete optics was developed [29]. Additionally, a phase-biased NALM mode-locked
Er-fiber comb operating in the stretched-pulse regime shows an integrated timing jitter of 40 as
from 10 kHz to 10 MHz [30]. As for 1.0 um wavelength, a narrow band spectrum filter has to be
used to reset the pulse characters at the end of each roundtrip so as to “compensate” for the
large dispersion in all normal dispersion regime [22], [29]. Although a phase-biased device can
greatly decrease the mode locking threshold, the 2.8-nm filter (or a 300 I/mm grating acted as
filter) is still necessary to play the significant role in pulse formation, and hence the spectral width
and the compressed pulse is limited to 3.1 nm (8 nm) and 538 fs (1.1 ps) [31]. What's more, the
interference effect always produce rugged spectrum at the free port of the 2 x 2 bridge coupler for
NOLM or NALM [31], [32]. For frequency comb generation, the pulse shaping in the stretched-pulse
regime is desired, for the oscillators with the zero net cavity-dispersion have shown the lowest level
of timing jitter, narrowest linewidth and quiet noise of f.,, [33]. Therefore, a self-started Yb-fiber
laser with both low threshold and broadband spectrum within all PM fiber architecture is urgently
needed.

In this paper, we demonstrate an all PM NALM mode-locked laser system for the aim of a robust
frequency comb generation. A 7/2 phase shifter was inserted in the nonlinear loop to reduce the
mode locking threshold and a compactible grating-pair was employed in the linear arm to manage
the cavity dispersion. With an optimized separation of the grating pair, the spectral width is achieved
as broad as 29 nm. The 2.3-mW output power from laser oscillator was effectively scaled by a Yb-
doped PM photonics crystal fiber to more than 8 W. The amplified pulse can be dechirped to
140 fs duration with >60% compression efficiency. A 9-cm long high nonlinearity PCF and a semi-
collinear f-2f interferometer are employed to produce an octave-spanning SC and the f., beating
signal.
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Fig. 1. Schematic configuration of the Yb-fiber laser system. LD: 400-mW laser diode; WDM: wavelength
division multiplexer; YDF: Yb-doped fiber; Col: collimator; HWP: half wave plate; ISO: isolator; HP-LD:
27-W laser diode; Yb-PCF: Yb-doped photonic crystal fiber; M1-M4: mirrors with high reflection from
1020-1080 nm; BS: beamsplitter; M5-M8: golden mirrors; PPLN: periodically poled lithium niobate; DM:
dichroic mirror; BP: bandpass filter; APD: avalanche photo-detector.

2. Experimental Setup and Results

Fig. 1 outlines the schematic of the laser system, including a NALM mode-locked oscillator, a
Yb-doped photonics crystal fiber (PCF) amplifier in all-fiber architecture, a grating-pair pulse com-
pressor, and an f2f interferometer. All fibers and pigtails of fiber components are polarization
maintaining. The NALM mode-locked laser oscillator consists of a nonlinear loop and a linear arm.
A 1.5-m long Yb-doped fiber (PM-YSF-HI, Nufern) asymmetrically located in the nonlinear loop acts
as the gain media and provides the differential nonlinear phase shift. The Yb-doped fiber is pumped
by a 976-nm laser diode with a maximum pump power of 400-mW via a 980/1030 nm wavelength
division multiplexer (WDM). Two 5% branches of a 2 x 2 coupler with 5:95 splitting ratio act as the
output port. The output-1 acts as the seed laser for the amplifier while the output-2 acts as monitor
port. A reflection-type phase shifter working at 1064 nm is employed to provide a non-reciprocal
phase shift of 7/2. The linear arm is composed of a collimator (Col), a half wave plate (HWP), a pair
of transmission gratings, and a high reflection mirror (M1). The grating used in cavity has a grating
patch of 800 nm (1250 I/mm) and a diffraction efficiency of ~90% per pass. The nonlinear loop and
linear arm are connected by another 2 x 2 coupler with 50:50 splitting ratio. The output-3 of the
50:50 coupler acts as another monitor port.

The self-started mode locking firstly operated in multiple-pulse regime when the pump power
was ramped up to 250 mW. Single pulse operation could be achieved by carefully decreasing the
pump power to 135 mW. The mode locking would vanish when the pump power is lower than
110 mW. With 4.5-m long fiber in nonlinear loop, 0.5-m long fiber in linear arm, and 0.07-m spatial
separation, the oscillator worked at a fundamental repetition rate of 36.7 MHz. In order to obtain
a suitable spectrum for power amplification, we investigated the output characters of three output
ports, output-1, output-2, and output-3. Fig. 2(a) illustrates the measured spectral profiles at the
pump power of 135 mW. Note that all the three spectra show identical spectral edge but different
spectral top. Owing to the phase-biased NALM in figure-of-nine cavity transmits most of the CW
components and partial of the laser pulse, the optical spectrum of output-3 (black curve in Fig. 2(a))
shows only 20 dB spectral signal-to-noise ratio (SNR). While the spectrum measured at output-1
shows approximate 30 dB spectral SNR. The output powers measured from output 1, 2 and 3 were
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Fig. 2. (a) Spectral profiles measured at different output ports. (b) Spectral profiles of output 1 with
different cavity net-dispersion. (Inset) The corresponding autocorrelation traces.

2.3, 0.08 and 1.2 mW, respectively. Empirically, the pulse from output-1 is in favor of the following
amplification.

Considering that the f.e, signal strongly related to the cavity net-dispersion, we optimized sep-
aration of the intra-cavity gratings. The YDF and PM 980 fiber used in the oscillator have a group
velocity dispersion (GVD) of ~26 fs>/mm and a third-order dispersion (TOD) of ~41 fs3/mm. Totally,
the group delay dispersion contributed by 5-m long fibers was calculated to be 0.13 ps?. While the
GVD and TOD of grating pairs were calculated to be —1.35 x 10* fs?/mm and 5.3 x 10* fs3/mm,
respectively. The broadest spectrum was 29 nm at full width at half maximum (FWHM) when the
grating separation is 9.5 mm, corresponding to a net cavity-dispersion of 0.002 ps®. The pulse width
was measured to be 1.1 ps [see the blue curves in Fig. 2(b)]. Increasing or decreasing the grating
separation will both lead to spectrum narrowing and pulse lengthening. With a net dispersion of
-0.018 ps?, the laser oscillator operated in the soliton regime, and the output spectrum shows a
lightly sidebands due to the periodical soliton perturbation [see the green curves in Fig. 2(b)]. While
in normal dispersion regime with 0.015 ps? net dispersion, the pulse duration stretches to 1.7 ps,
and the spectrum shows steep edges [see the pink curves in Fig. 2(b)].

For supercontinuum generation and f,,, detection, ~nJ pulse energy within ~100 fs pulse du-
ration is preferred. Therefore, an all-fiber amplifier as well as pulse compressor was installed after
the oscillator, as illustrated in Fig. 1. The amplifier is composed of a high power isolator (ISO), a
pump-signal combiner, and a single-mode PM double-clad Yb-doped photonics crystal fiber (PCF).
The fiber for the common port of the combiner is double cladding fiber with a core/cladding diam-
eter of 6/125 um. To ensure a robust and compact power amplifier, the components in the fiber
amplifier were coupled with PM fibers and successively spliced, ensuring low insertion loss and
high polarization extinction ratio. The Yb-doped PCF which has a mode field diameter (MFD) of
15 um, a pump cladding diameter of 135 ;um, and a cladding absorption of ~7 dB/m at 976 nm was
directly spliced to the common port of the combiner. With a slightly collapse at the input port of the
PCF (see the inset picture in Fig. 1), the splice losses for the pump and signal beams were both
minimized to less than 1 dB. To improve damage threshold of the end face, an endcap (coreless
fiber) with 260-.m length and 400-xm diameter was spliced to the end of PCF fiber. Moreover, the
endcap was cleaved with 8° angle (zoomed in Fig. 1) to suppress self-oscillation. In order to provide
enough gain while minimize nonlinear distortion, the length of the Yb-doped PCF was optimized
to 1-m length. Under 20-W pumping power, the signal laser was amplified to 8 W average power
with a slope efficiency of 40% (see Fig. 3(a)). The optical spectrum remained unchanged when the
output power is scaled from 3 to 8 W (see Fig. 3(b)), indicating that the amplifier operated in low
noise regime.

To dechirp the amplified pulse, a lens with 8-mm focus length was employed to collimate the
fiber laser into free-space. Another pair of gratings (same as the dispersion line in the oscillator)
is precisely adjusted to compress the chirped pulses. With a grating separation of 10 mm, the 9.4
ps pulse from the amplifier (see the red curve in the inset of Fig. 3(c)) was dechirped to 140 fs in
duration (see the blue curve in Fig. 3(c)). Considering a 23.5-nm spectral width (see the red curve
in Fig 3. (b)), the time-bandwidth product is calculated to be 0.992 which is more than 2 times of the
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Fig. 3. (a) Output power as a function of the launched pump power. (b) Measured optical spectra
of amplified signal laser with different power. (c) Autocorrelation trace of the dechirped pulse. Inset:
autocorrelation trace of the direct output from the amplifier.
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Fig. 4. SC measured by HR4000 (blue curve) from 550 to 1120 nm in linear scale and by OSA (red
curve) from 800 to 1400 nm in logarithmic scale.

transform limited value (assuming Gaussian pulse). The uncompensated phase is mainly caused
by the large third order dispersion (TOD) accumulated in the fibers as well as intra- and extra-cavity
grating pairs.

Splitted by a beamsplitter, most of the pulse energy will be used for other applications, such as
cavity-enhanced high-harmonic generation and fiber optical parameter oscillator (OPO) [34], [35].
A segment of commercial PCF (NL-3.3-890-02) with a core diameter of 3.2 um, a zero-dispersion-
wavelength at 890 nm, and a nonlinearity of 37 W' . km~" was used for supercontinuum generation.
The length of the PCF was optimized to 9 cm to maintain coherency and avoid extra nonlinearity. A
60 x objective lens was employed to couple the dechirped pulse into the PCF with 40% coupling
efficiency. When the injected pulse energy reached 2 nd, the generated SC spans from 600 to
1300 nm, as shown in Fig. 4. Two spectrometers (HR4000, Ocean optics, and AQ6370, Yokogawa)
was used to record the SC.
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Fig. 5. SNR of the feeo signal versus net dispersion of laser oscillator. (Inset) Zoomed linewidth.

Then, a semi-collinear £-2f interferometer was used to provide the time delay between two fre-
quency components for fee, signal. The fundamental frequency at 1240 nm being delayed was
frequency-doubled by a 1 x 9.3 x 0.5 mm? fan-out periodically-poled lithium niobate crystal and
beat with the high frequency of SC at 620 nm. Fig. 5 shows the heterodyned f.e, beat signal
detected by a Si-avalanche photo-detector versus net dispersion of laser oscillator.

Decreasing the amplified laser power and increasing the splitting ratio, the linewidth and the SNR
of the feeo signal is unchanged, indicating that this laser amplifier operated in low noise regime.
The linewidth and the SNR of the free-running f,, signal varied with the net dispersion of the laser
cavity. When the oscillator operated in zero dispersion regime, as much as 30-dB SNR with 110-kHz
linewidth is obtained. Decreasing or increasing the net dispersion both lead to the degradation.

3. Conclusion

In conclusion, we have demonstrated that a phase-biased NALM mode-locked all-PM Yb-fiber
system, delivering pulses with 140-fs pulse duration and 137-nJ pulse energy. With the assistant
of an integrated phase shifter, the mode locking threshold was decreased and stable single pulse
operation can be achieved by carefully decreasing pump power. Furthermore, SC spanning from
600 nm to 1300 nm was generated in a segment of nonlinear PCF and f.¢, signal with >30 dB SNR
was detected through a semi-collinear f-2f interferometer. Hybrid multifunctional fiber components,
PM fiber Bragg grating with proper negative dispersion, and a high doping concentration Yb-fiber
will be considered to increase the repetition rate of the laser system. Furthermore, more work will
be focused on the stabilization of both the repetition rate and the f., signal for the expectation of a
stable all PM-fiber frequency comb.
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