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Abstract

Ultrafast optics has been a rich research field, and picosecond/femtosecond pulsed laser
sources seek many applications in both the areas of fundamental research and
industrial life. Much attention has been attached to fiber lasers in recent decades as they
offering various superiorities over their solid-state counterparts with compact size, low
cost, and great stability due to the inherent stability and safety of the waveguide
structures as well as high photoelectric conversion efficiency. Fiber-based sources of
ultrashort and high-peak/high-average optical pulses have become extremely
important for high-precision laser processing while sources whose carrier-envelop
offset and repetition rate are stabilized can serve as laser combs with applications
covering many research areas, such as precision spectroscopy, optical clock, and optical
frequency metrology. For the application as laser combs, four parts as fiber laser,
broadband supercontinuum, nonlinear power amplification, and repetition rate
stabilization must be concerned. This chapter is intended to give a brief introduction
about the achievement of the four technologies mentioned above with different
experimental setups, recently developed such as divided-pulse amplification (DPA) in
emphasize. Moreover, detailed descriptions of the experimental constructions as well
as theoretical analyses about the phenomena they produced are also involved.

Keywords: fiber lasers, divided-pulse nonlinear amplification, four-wave mixing, fre-
quency stabilized

1. Introduction

Ultrafast laser sources and their applications such as high-power supercontinuum and
frequency comb have gained much attention in recent decades [1-7]. High-power fiber lasers
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spur a rapid growth of industrial applications including laser cutting, laser marking, and so
on [8]. Moreover, supercontinuum and frequency comb are considered as the breakthrough
of laser field for their applications covering precision spectroscopy, astronomical observa-
tions, and optical frequency metrology [9, 10]. This chapter is intended to describe, from
experimental point of view, the ultrashort pulse laser oscillators, high-power nonlinear fiber
amplifiers, supercontinuum, and frequency combs. Section 2 shows the performance of two
types of mode-locked lasers. The first one consisting of bulk and fiber optical components is
mode-locked via nonlinear polarization rotation (NPR) mechanism at 1.03 um. The other one,
operating at 1.55 pum, is mode-locked by nonlinear amplified loop mirror (NALM) with
polarization-maintaining (PM) fiber components in order to overcome environmental
perturbation and thus maintain long-term operation. Section 3 introduces a practical method
(spectral tailoring), which facilitates supercontinuum generation in single-mode fiber
amplifier at 1.03 um with a few picosecond laser pulses. The second part in this section
introduced broadband supercontinuum generation (from 950 to 2200 nm) by injecting pulses
with 72-fs temporal duration, 150-mW average power, and 60-MHz repetition rate at 1560 nm
into 20-cm-long PM-HNLE. Section 4 gives a brief introduction of divided-pulse amplifica-
tion (DPA). To generate transform-limited pulse at 1.55 pm, DPA with polarized pulse
duplicating was employed to overcome the gain narrowing effect and control the nonlinear
spectral broadening in anomalous dispersion Er-fiber amplifier. As high as 500-mW aver-
age power at 1560 nm is achieved by x8 replicas. Moreover, the highest frequency-doubling
conversion efficiency reached 56.3% by using a periodically poled lithium niobate (PPLN)
crystal at room temperature. Section 5 discusses an all-optical control method via resonant-
ly enhanced optical nonlinearity (or pump-induced refractive index change, RIC) for high-
precision repetition rate stabilization. The standard deviation (SD) of repetition rate can be
reduced to a record level of <100 pHz by using the RIC method in a PM figure-eight laser
cavity.

2. Fiber laser

Fiber lasers offer several practical advantages, such as excellent spatial-mode quality, effective
heat dissipation, and flexible optical path and, recently, are becoming attractive laser sour-
ces in both scientific researches and industry applications. Especially, mode-locked fiber lasers
with ultrashort pulse duration and high-repetition rate have attracted a lot of attention for
their applications in optical sensing, optical communication, optical metrology, and biomed-
ical imaging and processing [11, 12]. Therefore, various femtosecond/picosecond mode-locked
lasers have been constructed and developed. As mode-locked lasers are often affected by
environmental perturbations (mechanical vibration and temperature fluctuation), robust and
stable oscillator with compact design are urgently needed. In this section, we present a compact
femtosecond fiber laser at 1.03 um by using integrated fiber optical components. The short-
est dechirped pulse duration reaches 81 fs for a net cavity dispersion value close to —0.001 ps?.
Another part of this section described a self-started Er-doped laser oscillator, which is mode-
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locked by NALM with PM-fiber configuration. By optimizing the net dispersion, the build-
up time can be reduced from 8 min to ~ms order of magnitude.

2.1. Operation regime of mode-locked lasers

As well known, the main features of mode-locked fiber laser depend on the pulse evolution
process, which is relevant to the group-velocity dispersion (GVD) and the nonlinearity in
optical fibers. According to the net intra-cavity dispersion, the pulse-shaping process can be
roughly distinguished into the four different regimes, such as soliton regime, stretch-pulse
regime, parabolic-pulse regime, and giant-chirp pulse regime, corresponding to all-anoma-
lous dispersion, normal-anomalous dispersion, all-normal dispersion, and large-normal
dispersion, respectively. Due to the equilibrium between Kerr nonlinearity and GVD, pulses
that propagate in all-anomalous dispersion laser cavity keep unchanged in the form of
fundamental soliton [13, 14]. While in dispersion-managed laser cavities, the negative
dispersion is compensated by positive dispersion and thus stretch pulse forms. When the net
cavity dispersion is optimized to zero, significant variations on pulse duration could be
observed [15, 16]. As pulse operates in the all-normal dispersion regime, where laser gain, self-
phase modulation, and dispersion co-effect, spectral/temporal filtering effects force linear
chirping in the pulse, so that similariton forms [17-19]. While in ultra-long laser cavity, giant-
chirped oscillating can be realized with ultralow repetition rate but at high-pulse energy [20-
23].

2.2. NPR mode locking at 1.03 um
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Figure 1. Schematic diagram of a passively mode-locked fiber laser via nonlinear polarization rotation mechanism.
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In this section, we designed a compact ultra-fast Yb-doped fiber laser with integrated optical
components. By integrating wavelength division multiplexer and optical isolator with
collimators, the fiber loop was simplified. Self-started mode-locking could be realized by
setting appropriate polarization angle of four intra-cavity wave plates. Due to the normal
dispersion of fiber at 1.0 um, transmission grating pair with 1250 I/mm was used to provide
adjustable anomalous dispersion. As a result, 81-fs temporal duration with 65-MHz repeti-
tion rate and 0.5-nJ pulse energy was produced.

The mode-locking procedure can be explained in Figure 1. Two polarization controllers and
a polarization-sensitive isolator (PSI) are used as the key elements for mode-locking. This
combination acts as a virtual saturable absorber, which can absorb the low-intensity tail of
pulse and transmit high-intensity part such that the pulse could be shortened. The pulse with
linear polarization changes to elliptical polarization by twisting the polarization controller. As
mentioned, self-phase modulation (SPM) or cross-phase modulation (XPM) can arouse energy
coupling between two orthogonal polarizations. Moreover, serious nonlinear polarization
rotation is produced by the high gain in the active fiber. Finally, another polarization control-
ler is used to modify the polarization state to facilitate the central part of the pulse getting
through the PSI [24].

In our experiment, a Yb-doped fiber laser shown in Figure 2(a) was firstly constructed without
dispersion compensation elements. Three intra-cavity wave plates including two quarter-
wave plates, QWP1 and QWP2, and one half-wave plate, HWP, were set with appropriate
polarization angles to realize self-started mode-locking. The pigtails of fiber components are
Hi1060 fiber with GVD of ~26 fs’/mm and TOD of ~41 fs?/mm, while the GVD for the active
fiber is 39 fs?/mm. The repetition rate and pulse duration were measured to be 70 MHz and
13 ps, respectively. By external-cavity dechirping, the pulse can be compressed to 170-fs
duration, but with obvious pedestal. The autocorrelation of pulse before and after dechirp-
ing is shown in Figure 3(a) and (b), respectively.
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Figure 2. Structure of ultrafast Yb-doped fiber lasers without (a) and with (b) dispersion compensation. Pump diode:
400-mW laser diode at 976 nm; Yb-SMEF: Yb-doped single-mode fiber; WDM/Col: the device combines WDM and colli-
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mator; Col/ISO: the device combines collimator and isolator; QWP1, QWP2, and QWP3: quarter-wave plate; HWP:
half-wave plate; PBS: polarization beam splitter; GM: a gold-coated mirror.
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Figure 3. Autocorrelation trace of chirped pulses generated by picosecond fiber laser (a) and femtosecond fiber laser
(c), (b) dechirped pulse of (a); (d) spectra generated by femtosecond fiber laser with different distances between gra-
tings.

Secondly, a transmission grating pairs was used to manage the intra-cavity dispersion of the
Yb-fiber laser, as shown in Figure 2(b). The quarter-wave plate, QWP3, was used to impose
90° polarization rotation on laser pulses by double-passing the grating pairs. Soliton, stretch-
pulse, and all-normal dispersion regime can be achieved by optimizing the distance between
gratings. Figure 3(d) compares the various spectral shapes with different grating separations.
As shown in Figure 3(c), the shortest pulse duration was measured to be 81 fs. The black curve
in Figure 3(d) represents the broadest spectra with a 10-dB bandwidth of 100 nm. The
uncompensated phase was mainly caused by the accumulated high-order dispersion in fibers
as well as intra- and extra-cavity grating pairs.

2.3. Polarization-maintaining figure-eight fiber laser at 1.55 um

Compact size, low cost, and free maintenance fiber laser at 1.55 pm are desirable in many
applications, such as eye surgery, Terahertz generation, and precision spectroscopy [25-28].
The standard repetition rate of commercial available fiber laser is typically 80 MHz with an
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optional design from 20 to 250 MHz. In order to combine both high pulse energy and high
average power, a 10-MHz repetition rate is the best choice for applications. When the repetition
rate is lower than 10 MHz, a pulse picker has to be used between the laser oscillator and the
succeeding amplifier.

In this section, we introduce a PM figure-eight laser cavity which is the best option for oscillator
operated at 10-MHz repetition rate. Figure 4(a) shows the experimental setup of the figure-
eight laser cavity. The linear loop comprises of a 980/1550 nm wavelength division multiplex-
er, a segment of Er-doped fiber (PM-ESE-7/125, Nufern), an isolator, a 2-nm bandpass filter
at 1550 nm, and an output coupler CP2 with a splitting ratio of 20:80. The active gain ap-
plied in the linear loop is to compensate the cavity loses and facilitate self-started mode-
locking. The band-pass filter is used to block longer wavelength (Raman self-frequency shift)
and reduce the temporal width of the pulse to be self-consistent. Pulses from the linear loop
are coupled into NALM via CP1 with a splitting ratio of 45:55.

Over-pump with three LDs was applied to provide enough power for self-started mode-
locking. Interestingly, the buildup time of mode-locking was found to be closely related to the
net cavity dispersion. When the net dispersion was set to —0.115 ps?, as long as 8-min build-
up time was observed. After optimizing the net dispersion to about -0.062 ps? the time
dramatically decreased to ~ms of magnitude.
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Figure 4. (a) Schematic of a polarization-maintaining figure-eight erbium-doped fiber laser. WDM1, WDM2, and
WDM3: 980/1550 nm wavelength division multiplexers; ISO: isolator; EDF1 and EDF2: erbium-doped fiber; BP: 2-nm
bandpass filter at 1550 nm; DCEF: dispersion compensation fiber; CP1 and CP2: 1550 nm coupler with splitting ratio of
45:55 and 20:80. (b) The initial pulse that polarization-maintaining figure-eight erbium-doped fiber laser generated. (c)
The buildup time measured by an oscilloscope. (d) The measurement of power stabilization once mode-locked.
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Furthermore, we recorded the mode-locked pulse trains triggered by a square wave with 5-
Hz modulation frequency which is simultaneously used to drive LD3. Figure 4(c) shows two
adjacent periods with 50-ms pump duration, and the corresponding buildup time was
measured to be 53 and 6 ms, respectively, exhibiting certain randomness. From experimen-
tal results point of view, the mode-locking buildup time is a random value in a certain range,
which is related to the net cavity dispersion.

Interestingly, multiple-pulse operation was observed as the mode-locking is established, as
shown in Figure 4(b). Peak power clamping effect originating from sagnac mechanism resulted
in the formation of pulse bunching [29]. Stable single pulse could be obtained by decreasing
the pump power. In single-pulse regime, the 5-min power stability was measured to be 0.26%,
as shown in the inset of Figure 4(d).

3. Broadband supercontinuum

Recent years, supercontinuum generation (SC) has attracted much attention for its applica-
tions in optical coherence tomography, stimulated emission depletion microscopy, dense
wavelength-division-multiplexing (DWDM) optical networks, and frequency comb genera-
tion [30-33]. In this section, several nonlinear optical effects such as SPM, XPM, four-wave
mixing (FWM), and stimulated Roman scattering (SRS) that facilitate SC generation would be
tirstly discussed. Secondly, spectral filtering method is demonstrated to be an effective way
for broadband supercontinuum generation in picosecond region [34]. By spectral filtering, a
linear-chirped picosecond pulse with a 1-nm bandwidth filter installed between two Yb-doped
single-mode preamplifiers, pulse shortening, and high peak power is achieved, so that an
octave-spanning SC with bandwidth of 650 nm from 750 to 1400 nm and 10-dB peak-to-peak
flatness was obtained at an output average power of 190 mW. Thirdly, SC covering from 950
to 2200 nm is generated in a 20-cm-long PM HNLF by injecting 72-fs pulse with 150-mW
average power and 60-MHz repetition rate at 1.56 um. Furthermore, an inline {-2f interferom-
eter, including a PPLN for frequency doubling and a PM-fiber delay line, is used to generate
carrier-envelop offset signal (f..,).

3.1. Nonlinear effects in optical fibers

Most of nonlinear effects in optical fibers attribute to nonlinear refraction, which refer to the
intensity dependence of the refractive index. Especially, the lowest order nonlinear effects in
optical fibers originate from the third-order susceptibility x®, which governs the four-wave
mixing, Raman effect, third-harmonic generation, and polarization properties [24].

This section does not thoroughly focus on the discussion of theoretical issues. In simple, the
refractive index of the optical fiber can be described by the following equation

n=n,+n, |E(t)|2 (1)
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where n, is the linear part and n, | E(f)|? is the nonlinear part.

An interesting phenomenon of the intensity dependence of the refractive index change in
optical fiber occurs through SPM. When the input pulse is of low intensity, the correspond-
ing refractive index remains a constant 7, As the input pulse increases, the corresponding
refractive index becomes nonlinear change with power intensity I. Hence, an additional phase
shift is produced:

8(t) o< |[E(0)[ )

This can be understood as an instantaneous optical frequency change from its central
frequency:

so(1) =—§&p<t> )

Therefore, new spectral components are generated and time dependent frequency chirping is
produced.

Another most widely studied nonlinear effect is XPM, which leads to asymmetric spectral and
temporal changes for two co-propagating optical fields with different wavelength or orthog-
onally polarization. The contribution of the nonlinear phase shift induced by XPM is twice that
of SPM. Therefore, the nonlinear part An; induced by the third-order nonlinear effects is given

by (j=1,2)
An, ~n, (\Ejf +2|E, jf) ()

Eq. (4) shows the refractive index of the optical media seen by an optical field inside a single-
mode fiber depends not only on the intensity of that field but also on the intensity of the other
co-propagating fields [35]. As the optical field propagates inside the fiber, an intensity-
dependent nonlinear phase shift shows up

9" () =n,(o, /c)(‘Ej‘z " 2‘E3j‘2)z 5)

The first term is related to SPM while the second term is related to XPM.

Stimulated Raman scattering (SRS) is an important nonlinear process that can produce red-
shifted spectral components. Once the spectrum of the input pulse is broad enough, the Raman
gain can amplify the long-wavelength components of the pulse with the short-wavelength
components acting as pumps, and the energy appears red-shifted. The longer the propagat-
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ing fiber, the more red-shifted spectral components can be generated. The red-shifted
components are called Stokes wave. The initial growth of the Stokes wave can be described by

dl
o &l ©)

where [; is the Stokes wave intensity, [, is the pump-wave intensity, and gy is the Raman-gain
coefficient, which is related to the cross section of spontaneous Raman scattering.

The Raman-gain coefficient g; (€2) is the most important factor to describe SRS. (2 represents
the frequency difference between the pump wave w, and Stokes wave w,. In the case of silica
fibers, the Raman-gain spectrum is found to be very broad, extending up to approximately
40 THz. Assuming the pump wavelength is 1.5 um and, peak gain is gz = 6 x 10™* m/W, the
frequency downshift can be calculated to be 13.2 THz.

When supercontinuum is generating in an optical fiber, the SPM, XPM, and SRS are always
accompanied by FWM. In optical fibers, FWM transfers energy from pump wave (w,) to two
other waves in frequency domain, blue-shifted (anti-Stokes wave, w,,) and red-shifted (Stokes
wave, w;). Once the phase-matching condition Ak = 2k(w,) — k(w,) — k(w,s) = 0 is satisfied, the
Stokes and anti-Stokes waves can be amplified from noise or an incident signal at w, or w,,,
respectively [36, 37]. Therefore, FWM process is used to produce spectral sidebands for
supercontinuum generation.

3.2. Supercontinuum generation

SC is a powerful laser sources for many applications, such as nonlinear microscopy, optical
coherence tomography, and frequency metrology [38—40]. Nowadays, more than one octave
SC can be easily generated with a length of PCF, and the average power can reach tens of
Watts [41, 42]. When ultrashort optical pulses propagate through a PCF fiber, the combina-
tion of SPM, XPM, SRS, and FWM is responsible for the spectral broadening. Generally
speaking, the feature of SC depends on whether the incident laser wavelength A located is
below, closed to, or above the Zero-dispersion wavelength A, of the PCF. In the anomalous-
dispersion regime (A > Ap) where 8, <0, soliton affects. If the A nearly coincides with Ap, 8, =0,
p; dominant and the phase-matching condition of FWM are approximately satisfied. While in
the normal-dispersion regime, 3, >0, GVD and SPM effects dominant SC generation. From the
time domain of view, SPM and soliton effects dominant SC generation for femtosecond
(typically <1 ps) pump pulses, while FWM and SRS contribute to spectral broadening for tens
of picoseconds pulses.

3.2.1. Spectrally filtered seed for broadband supercontinuum generation in single-mode fiber amplifiers

There are several methods to extend the SC spectrum. Considerable spectral broadening could
be observed with high-power incident laser. High-average/high-peak powers facilitate CW
and pulse SC generation [43-45]. Besides, the SC bandwidth could also be increased by
tapering PCFs. A flat (3 dB) spectrum from 395 to 850 nm was achieved in a tapered fiber with
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a continuously decreasing ZDW [46]. In this section, we demonstrate an effective method for
broadband SC generation, which is valid in normal-dispersion fiber amplifiers. By spectral
filtering of upchirped pulse at 1028 nm with 1-nm bandpass filter, as broad as 650-nm
bandwidth from 750 to 1400 nm within 10-dB peak-to-peak flatness is obtained with an output
power of 190 mW.

The experimental setup is shown in Figure 5(a). The SC laser source is consisted of a picosec-
ond mode-locked laser oscillator, a spectral filter, two-stage single-mode amplifiers, and 2-m-
long PCF with ZDW at 1.02 um. The laser oscillator operated in an all-normal-dispersion
regime with repetition rate of 20 MHz. With 100 mW pumping power, 25 mW average output
power laser is exported from the 30% port of the coupler. The pulse duration of highly up-
chirped pulse was measured to be 10 ps.

(a) WDM  Yb-SMF
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Figure 5. (a) Experimental setup for SC generation. Pump diode: 400 mW laser diode at 976 nm; WDM: 980/1040 nm
wavelength division multiplexer; Yb-SMEF: ytterbium-doped single-mode fiber; CP: 30:70 coupler; PC1 and PC2: polari-
zation controller; PBS: polarization beam splitter; ISO: isolator; SMFA1 and SMFA2: single-mode fiber amplifiers; C1,
C2, and C3: three collimators; SF: spectral filter; PCF: photonics crystal fiber. (b) The output spectrum of the laser oscil-
lator. (c) SC with different filtering windows.

A bandpass spectral filter with 1-nm bandwidth at 1036 nm is installed between two single-
mode fiber amplifiers. The transparent wavelength of the filter could be tuned from 1024 to
1036 nm by varying the incident deflection angle. For the large up-chirp with 10-nm spectral
width (see Figure 5(b)) and 10-ps temporal duration, corresponding to a time-bandwidth
product of 28.3, pulse can be greatly shortened by the filter. The shortest pulse duration of
2.9 ps was obtained with filtering window at 1028 nm. After the second-stage amplifier, the

laser pulses could be amplified to an average power up to 190 mW with 400 mW pumping
power.
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A 2-m length of silica-based PCF with ZDW at 1024 nm is directly spliced to the fiber end of
SMFA2. Figure 5(c) shows the output spectrum with different filtering window. The spectra
keep unchanged when the filtering window is at the shoulder of the spectrum, shown as the
red curve (1024.9 nm) and blue curve (1033.4 nm) in Figure 5(c). When filtering window is
located at the central wavelength of 1028 nm, the 10-dB bandwidth of SC is extended to
650 nm (from 750 to 1400 nm), shown as the pink curve in Figure 5(c). Besides, filtering
windows above or below the central wavelength produce a less broad SC.

3.2.2. One octave supercontinuum for frequency comb generation

Broadband supercontinuum of bandwidth up to 1250 nm can also be provided by HNLFs with
spectral-tailored femtosecond pump pulses produced by erbium-doped power amplifiers. The
schematic diagram of the experiment is shown in Figure 6(a).
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Figure 6. (a) Schematic diagram for SC generation. Pump diode: 400-mW pump at 976 nm; WDM/ISO/Coup: the de-
vice combines wavelength division multiplexer, isolator, and coupler; EDF: erbium-doped fiber; EPC: electric polariza-
tion controller; ISO: isolator; coupler: 30:70 polarization-maintaining coupler; PBS: polarization beam splitter; HNLF:
high nonlinear fiber; LD1 and LD2: pumps at 976 nm; WDM1 and WDM2: 980/1550 nm wavelength division multi-
plexer; FRM: Faraday rotation mirror. (b) Autocorrelation trace of chirped pulses poured into HNLFs. (c) SC generated
by different kinds of HNLFs on logarithmic coordinate.

The laser system consisted of an erbium-doped mode-locking fiber oscillator, a single-mode
tiber amplifier (SMFA), and 20-cm-long PM-HNLF. To improve the mode-locking stability, an
electric polarization controller (EPC) is utilized to replace the conventional mechanical
polarization controller such that automatic and active control of mode-locking is accessible.
By applying the voltage on three axes (x, y, and z) of EPC, accurate control of the temporal
duration, spectral shape, £, and f., can be achieved [47, 48].
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With the help of a PBS and a FRM, a dual-pass single-mode fiber amplifier with bidirection-
al pump configuration was used to boost the laser average power to more than 150 mW average
power and reduce the environmental disturbance on SMFA. The pulse duration at the output
port was measured to be 2.84 ps. Additional PM-1550 fiber was used to dechirp the pre-
amplified pulse to 72 fs (shown in Figure 6(b)). Therefore, considering a repetition rate of
60 MHz, the pulse peak power achieved as high as 34.7 kW. Three types of HNLFs, such as
NL 1550-ZERO, PM-HNLF, and Zero-slope HNLF, were applied to generate the supercontin-
uum by splicing the HNLFs to the dechirping fiber directly.

As shown in Figure 6(c), 20-cm-long PM-HNLF with nonlinearity of 10.5 W™ km™ achieved
the broadest spectrum, covering from 950 to 2200 nm, which is sufficient broad to produce £,
signal. The HNLF type should be taken into consideration as it influences the SC generation.
We used three kinds of HNLFs: 25-cm-long NL 1550-ZERO with nonlinear coefficient of 10.4-
W™ km™ and effective mode area of 13-pm? 20-cm-long PM-HNLF with nonlinear coeffi-
cient of 10.5-W™' km™ and effective mode area of 12.7-um?, 25-cm-long Zero-slope HNLF with
nonlinear coefficient of 10.8-W™ km™ and effective mode area of 12.4-um?, and the corre-
sponding SC was depicted in Figure 6(c). Obviously, PM-HNLF produces broader spectrum
than other two HNLFs.

As shown in Figure 7, a collinear setup was established for the detection of f,., signal. The SC
generated by 20-cm-long PM-HNLF was coupled into free space via a lens (L1) with adjusta-
ble focal length. An inline f-2f interferometer, including a PPLN, several wave plates and lens,
and a PM-fiber delay line, is used to produce the temporal overlapped components at 1.0 pum.
The long-wavelength component of SC at 2092 nm was frequency doubled to match with the
short-wavelength component at 1046 nm. After the PPLN, two lenses, L3 and L4, were used
to couple the two components at 1046 nm back to PM-980 fiber. A half-wave plate, HWP?2, is
used to adjust the energy ratio on the fast and slow axes of PM-980 fiber. The pulse transmit-
ted along the slow axis experiences a delay relative to the pulse on fast axis. With an opti-
mized fiber length of 3.4 m, the differential delay between the fast and slow axes could be fully

L1 L2
\ PPLN
PM—HNLFC C C C C C
HWP1 HWP2 PM-980
PBS fiber
HWP3 L5

Figure 7. Setup for f,, detection. Amp: fiber amplifier; L1, L4, and L5: optical lens with adjustable focal length; 1.2, L3,
and L6: optical lens with focal length of 50 mm; HWP1, HWP2, and HWP3: half-wave plates; PPLN: periodically poled
lithium niobate; PBS: polarization beam splitter; APD: avalanche photodiode.
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compensated [49]. Subsequently, a half-wave plate, HWP3, as well as a PBS were used to
selected pulses to generate f,., signal on APD. Finally, with 28-dB signal-to-noise ratio was
generated by using this setup.

4. Nonlinear fiber amplifier

With the increasing applications in frequency metrology, THz generation, and in cataract
surgery, the development for high-energy transform-limited pulse generation around
1.55 um is still a fascinating area [50-53]. Owing to the limited available output power from
laser oscillator, erbium-doped fiber amplifiers (EDFAs) are commonly used. Nevertheless,
high-power amplification in EDFA is inevitably accompanied by several unwanted effects,
such as SRS and amplified spontaneous emission (ASE), which would significantly deterio-
rate the temporal and spectral duration of pulse [54]. Chirped-pulse amplification (CPA)
provides an effective way to decrease pulse peak power and avoid the nonlinearity in optical
fibers [55-58]. In CPA, strong stretching and compression occurs to extract more energy and
avoid nonlinear distortion as well as damage. However, CPA is inevitably accompanied by
the gain-narrowing effect and therefore hardly produces pulse with temporal duration less
than 400 fs [59].

Even though CPA has many advantages over the other techniques in amplifying pulses
around 1.55 um, ~100-fs pulse duration with above 10-n] pulse energy is still a challenge
because of the spectral gain-narrowing effects and nonlinear phase accumulation. More-
over, due to the involvement of bulk media, CPA is not suited for applications that require
compact size and alignment-free laser source. A recent developed technique, divided-pulse
amplification (DPA), opens up a new way for high-power laser pulse amplification [60-62].

(@) DCF EEN) (b)
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Figure 8. (a) Schematic diagram for laser system. F-PBS: fiber-coupled polarization beam splitter; DCF: dispersion
compensation fiber; FRM: Faraday rotation mirror; LD1, LD2: pump diodes at 976 nm; WDM: wavelength division
multiplexer; EDF: erbium-doped single-mode fiber; Coll, Col2: high-power collimators; HWP: half-wave plate; PBS:
polarization beam splitter cube; DCFA: double-clad fiber amplifier. (b) Schematic of the pulse divider. The left-hand
three cylinders (21, 22, and 23) represent YVO4-based dividers with given direction of crystal optical axes (OAs)
shown as the red dash dot lines. The right-hand three parts (24, 25, and 26) represent PBS-based dividers with p-polar-
ized direction shown as red dash dot lines. The red dot lines represent the horizontal plane, which is the same direc-
tion as the OA of 21 and 23 and the p-polarized direction of 24 and 26. (c) The measured autocorrelation trace of the
divided replicas.
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In the configuration of DPA, the initial pulse is divided into a sequence of lower-intensity
pulse with orthogonal polarization for successive replicas, and subsequently, the low-energy
pulse is amplified and then recombined to create a high-energy pulse [61, 63].

In this section, we mainly focus on DPA at 1.56 um where pulse amplification and compres-
sion can be simultaneous carried out so that a separate compressor is no longer necessary. The
schematic diagram of DPA is shown in Figure 8(a). The experimental setup is composed of a
mode-locked fiber laser, a fiber stretcher, a single-mode fiber amplifier for preamplifying, and
a pulse-divider as well as a double-clad fiber amplifier for main amplification. The Er-doped
fiber laser with 80-MHz repetition rate shared the same configuration as Figure 6(a), which
takes the advantage of EPC to actively control the mode-locking. A photodiode and an electric
loop were applied to monitor and feedback control the EPC for long-term stable operation.
The fiber oscillator consisted of 1.74-m SMF28-e fiber with dispersion parameter of 19 ps/nm/
km and 0.82-m Er-doped fiber with dispersion parameter of =51 ps/nm/km. There, the laser
operated in the stretched-pulse regime and produced positively chirped pulses. As a result,
with 200-mW pumping power at 976 nm, the laser oscillator produces 5-mW output average
power with 1.5-ps pulse duration and 28-nm spectral bandwidth, corresponding to a time-
bandwidth product of 5.2.

A fiber stretcher is spliced to the output of the fiber oscillator to stretch laser pulse and control
the quantity of frequency up-chirp. However, over-long fiber could inevitably introduce too
much high-order dispersion which is hardly compensated by the pulse-compressing stage. For
the current configuration, a double-pass fiber stretcher consisting of a fiber-coupled PBS with
PM fiber at input/output port and non-PM fiber at common port, a segment of non-PM
dispersion compensation fiber with 6.0-um-mode field diameter and -38 ps/nm/km disper-
sion at 1550 nm, and a FRM is used to reduce the environmental perturbation.

In our experiment, 6-m dispersion compensation fiber was applied to stretch pulses from the
tiber oscillator. A dual-pass bidirectionally pumped single-mode fiber preamplifier was used
to boost the average power to more than 100 mW to ensure efficient operation of the subse-
quent amplifiers. A FRM reflected the incident pulse to suppress ASE noise and rotated the
polarization of the pulses by 90° to cancel all birefringence effects in the dual-pass amplifier.
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Figure 9. The temporal duration (a) and spectral bandwidth (b) of laser pulses from laser oscillator (red curves) and
SMFA (blue curves).
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A fiber-based polarization beam splitter (F-PBS) was used to couple the seed laser to the
preamplifier and reflected preamplified pulses to subsequent components. The output
characters of the preamplifier were shown as the blue curves in Figure 9(a) and (b). The FWHM
temporal duration and spectrum bandwidth of the preamplified pulses is 4 ps and 15 nm,
respectively, generating a time-bandwidth product of 7.4. Dramatic decrease in spectral
bandwidth was observed due to the limited transmission bandwidth of WDM and FRM as
well as spectral-narrowing effect in fiber amplifier.

Then, the concept of DPA was carried out to boost the laser to Watt-level average power. The
preamplified laser is coupled into free space by collimator C1 and rotated to horizontal
polarization to reach maximum transmission on PBS. The pulse division and combination were
achieved by applying cascaded YVO,-based and PBS-based dividers with the help of a FRM
to reflect the replicas passing through the same divider but in the opposite direction. Each
divider (YVO,-based or PBS-based) can divide a single pulse into two cross-polarized replicas;
hence, a single seed pulse could be temporally divided into 2V (where N is the stage number
of the divider) replicas. Ideally, each replica has identical pulse energy after division. As
depicted in Figure 8(b), three YVO, crystals with lengths of 10, 20, and 40 mm divided the
initial pulse into N = 8 replicas. A half-wave plate (HWP) was used to produce the desired
polarization of input pulses. The first (2') and third (2°) YVO, crystals had their crystal optical
axes (OA) oriented in the same direction as the horizontal plane, while the OA of the second
(2%) YVO, crystal oriented at a 45° angle to the horizontal plane. The polarization-mode delay
between ordinary and extraordinary waves in YVO, is 0.7 ps/mm at 1560 nm. The shortest
crystal length for our system was chosen to split the input pulse into replicas with 7 ps
separation, about twice of the seed pulse duration.

To mitigate the nonlinearity in main amplifier, the string of pulse (N = 8) was further divid-
ed by three PBS-based dividers, resulting in a final pulse number of 64. For PBS-based divider,
each incoming pulse was divided into an s-polarized beam and a p-polarized beam. All p-
polarized components were directly transmitted the PBS, while the s-polarized components
were reflected to the folded delay line. For the sake of simplicity, the second PBS-based
divider (2°) had its p-polarized direction oriented 45° to the direction of the horizontal plane,
while the first (2%) and third (2°) PBS-based oriented in the same direction as the horizontal
plane, such that separate half-wave plates were no longer necessary.

Owing to the delay length of 10, 20, 40, 26.8, 53.6, and 107.2 mm, the 2!, 2% 23, 2% 25 and 2°
stages approximately provided time delay of 7, 14, 28, 130, 260, and 520 ps, respectively.
Figure 8(c) shows the measured autocorrelation trace of the pulse string which matches well
with the designed time delays. The 7-ps interval between adjacent peaks in the same enve-
lope was consistent with the expected time delay with 10-mm increment length of YVO,, and

the ~140-ps spacing between two adjacent envelopes was consistent with the expected time
delay introduced by the PBS-based divider.

Intuitively, for simultaneous pulse amplification and compression in EDFAs, a positively pre-
chirping seed pulse is desired. Numerical simulations show that there exists an equilibrium
position that can not only restrict excessive nonlinear effects to ensure high-quality temporal
integrity but also produce sufficient optical nonlinearity to broaden the spectrum around the
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wavelength of 1.55 um. The generalized nonlinear Schrodinger equation (7) with the split-step
Fourier method was used to carry out the simulation [24].

n+1 n
aA a A Zn>2 n 8 A + lyAI:O

7)

where A = A(z, t) is the complex amplitude of the pulse envelope of pulses, a is the laser gain
coefficient, B, is the dispersion parameter at w, (1560 nm), and y (3 W' km™) is the nonlinear
coefficient. The right-hand side of Eq. (7) models laser gain, dispersion, and nonlinearity. Pulse
of 2.5-ps temporal duration and 19.9-nm spectral width (corresponding to 0.16 ps® prechirp-
ing on 180-fs transform-limited pulse) and a pulse energy of 0.05 n] were applied in the
simulation.
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Figure 10. Amplified output pulse duration versus propagation length for the cases of different a (a) and S, (b). (c)
Pulse duration versus the total gain provided by 6.5-m fiber. (d) Time-bandwidth product at different position of gain
fiber.

The interplay of the SPM and group-velocity dispersion (GVD) as well as laser gain can lead
to a qualitatively different behavior compared with that expected from them alone. SPM
broadened the spectrum with increase in pulse energy, and simultaneously, the anomalous
dispersion of the fiber compressed the new spectral components resulting in temporal
shortening. Figure 10(a) compares the simulation results with different a but a fixed g, (-22 fs?/
mm). It is clear that pulse compression operates in linear regime when the laser gain is low,
then it enters in nonlinear regime when the laser gain gradually increased. The shortest
transform-limited pulse duration decreased from 180 fs at 7.0 m (o = 0 dB/m) to 60 fs at 4.3 m
(a = 3 dB/m). Figure 10(b) compares the pulse compression with different g, but a fixed «
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(3 dB/m). The maximum pulse energies with respect to fiber length of 4.65, 5.07, and 5.53 m
reached 1.24, 1.66, and 2.28 n]J, respectively. Therefore, higher @ and smaller |,| are benefit
to overcome spectral bandwidth limitation for high-energy pulse amplification. For refer-
ence, the blue curves in Figure 10(a) and (b) present pulse evolution with the same parame-
ters.

Next, we focus on pulse amplification and compression in a fixed fiber length by way of
guiding the subsequent experiment. About 5.0-m-long fiber with g, = 22 fs?’mm was
introduced to simulate the output pulse duration and the time-bandwidth product (TBP) at
different position along the fiber. As shown in Figure 10(c), when the total gain is smaller
than 16 dB, the output pulse duration deceases linearly owing to the GVD and insufficient
nonlinearity. As the total gain is greater than 24 dB, the output pulse duration dramatically
decreases owing to strong nonlinear compression. Theoretically, pulse as short as 80-fs
duration can be achieved with a total gain of nearly 28 dB. Although the pulse duration could
be further decreased to 20 fs with 32-dB gain, considerable pedestal as well as wave break-
ing appears due to excessive nonlinearity. Meanwhile, the TBP of the pulse along the fiber
gradually decreases from 4.1 at the input port to 0.5 at the output port.

Experimentally, the divider first operated with x8 replicas. A dual-pass double-cladding fiber
amplifier (DCFA) was used to boost the divided pulses. The DCFA consisted of 1.2-m 12/130
Er-doped double-clad fiber and 2.5-m SMF fiber. With a pump power of 4.3 W at 976 nm, the
DCFA delivered 600 mW output power at 1560 nm, as measured at PBS output port. Along
the first pass of DCFA, pulse evolution worked in the near-linear regime. Subsequently, as the
pulse reflected by the FRM and passed through DCFA again, SPM and anomalous disper-
sion brought the pulse amplification into the moderate nonlinearity regime. Figure 11(a) and
(b) shows pulse duration and spectral bandwidth of the combined pulse measured by an
FROG (15-100-USB, Swamp Optics). The linear spectral phase indicates a nearly transform-
limited pulse with the FWHM duration of 97 fs if a Gaussian pulse shape is assumed. The
output power limitation was resulted from splicing losses of different type fibers and the
insertion loss of FRM.
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Figure 11. The measured pulse duration (a) and spectral width (b) of pulses from the nonlinear fiber amplifier.

Furthermore, a PPLN with 20.9-um poling period and 0.3-mm length was used for frequen-
cy-doubling the amplified laser and checking the available peak power at 1560 nm. A pair of
lens was used to focus and collimate the input and output beam on the PPLN, respectively.
The output average power at 1560 nm and the corresponding SHG is shown in Figure 12. The
highest SHG conversion efficiency was obtained as 56.3% with 302 mW incident power at
1560 nm. Further increasing the power at 1560 nm induced decay of conversion efficiency,

shown as the black squares in Figure 12.
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Figure 12. The output average power of 1560 nm (blue triangles) and 780 nm (red circles), and the SHG conversion
efficiency.

To extract more energy from the double-pass amplifier, we will increase the number of the

replicas from 8 to 16 and 32. The results for x16 and x32 replicas are still under investigation.

In conclusion, a divided fiber laser fiber amplifier delivering 500 mW average power at
1560 nm by the interplay between divided prechirped pulse amplification and nonlinear pulse
compression. A small core double-clad erbium-doped fiber with anomalous dispersion carries
out the pulse amplification and simultaneously compresses the laser pulses such that a
separate compressor is no longer necessary. A numeric simulation reveals the existence of an
optimum fiber length for producing a transform-limited pulse. Furthermore, frequency

doubling to 780 nm with 170-mW average power is realized by using a PPLN at room

temperature.
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5. Repetition rate stabilization

Fiber-based frequency comb is recognized as the key breakthrough in the field of optics for it
brings high accuracy in frequency domain as well as low jitter in time domain [49, 64—67].
Principally, as a frequency comb, two RF frequencies, f., and f,,, are required to be stabi-
lized to external references. Therefore, the optical frequencies can be written as v =m x f,., + feeo,
where m is a large integer of order 10° that indexes the comb line. Nevertheless, recent
developments in adaptive dual-comb spectroscopy successfully employed free-running
mode-locked lasers where the f,., instabilities could be compensated by data acquisition and
electronic signal processing [68, 69]. Therefore, high accuracy f,., stabilization of passively ML
lasers is of great importance.

The relatively mature method for f,., locking is to use a piezoelectric ceramic transducer (PZT)
to control the geometrical length L of the laser cavity, and the best locking accuracy is in the
range of +0.5 mHz with the corresponding SD of 220 uHz [70]. However, the PZT-based
stabilization encounters many limitations, such as significant positioning errors, hysteresis
effect, bulky-design, and the need for time-consuming alignment.

In this section, we focus on the f,, stabilization by using optical pumping scheme which can
be achieved via resonantly enhanced optical nonlinearity or so-called pump-induced refrac-
tive index change (RIC) in doped fibers. In optical pumping scheme, the f, is stabilized by
modulating the refractive index n, while keeping the geometrical cavity length L fixed. In the
past, this method has been successfully applied in fiber switch where a low pump power and
a short length doped fiber are sufficient for the switching [71]. Moreover, the validity of this
concept has also been achieved in coherent combining and adaptive interferometry [72]. In
2013, Rieger et al. reported all-optical stabilized repetition rate by using the RIC-based method.
With the help of thermos-electric element, over 12-h long-term stabilization was achieved in
an NPE-mode-locked Er-doped fiber laser, while the SD of repetition rate drift was meas-
ured to be 22 mHz. A recent experiment extends this concept to Yb-fiber laser and achieves
1.39-mHz SD of residual fluctuation in an hour measurement [73].

As reported in Ref. [74], a commercial available pump current supply can provide a mini-
mum resolution of pump power as 1.5 uW and thus achieve a controlling accuracy of 0.05 Hz,
which is more than two orders of magnitude than PZT-based method. Therefore, an interest-
ing experiment worth to do is to use RIC-method to achieve high-precision f,, stabilization.
So far, the RIC method has been fully investigated in NPR mode-locked lasers, which applied
non-PM fibers and components [73-75], and the locking accuracy limited to ~mHz. Consider-
ing the environmental perturbation on non-PM fiber, a straightforward idea is to implement
RIC method in a PM fiber laser. Therefore, the following part will discuss high-precision
repetition rate stabilization by using RIC method in a PM figure-eight laser cavity.

The laser setup shown in Figure 13 is same as Figure 4(a), except the net dispersion of laser
cavity. In the current experiment setup for all-optical repetition stabilization, a 56-cm-long Er**-
doped fiber (EDF2) is spliced asymmetrically in the NALM to act as a frequency controller,
while the LD3, which is controlled by the error signal from frequency mixer, provides the
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feedback modulating pump power via WDM3 on EDF2. Besides, a segment of DCF38 is used
to compensate the anomalous dispersion of PM1550 fiber. The dispersion of linear loop and
the NALM was estimated numerically to be —0.208 and 0.025 ps? producing —0.183 ps? net
dispersion for the whole cavity. Self-started mode-locking in multiple-pulse regime can be
achieved by over-pumping method, and stable single-pulse operation can be obtained by
decreasing the pump power of LD1 and LD2. At fundamental repetition rate of 11.9 MHz, the
tigure-eight laser cavity delivers 1.5-mW average power via CP2.

The repetition rate was detected by PD3 and successively compared with standard reference
(Rb clock) in a frequency mixer to produce the error signal. Subsequently, the error signal was
tiltered and amplified by low-noise voltage preamplifier with frequency cutoff at 1 MHz and
a maximum voltage gain of 5 x 10* and further processed by a proportional-integral-deriva-
tive (PID) controller.

The long-term stabilization was depicted in Figure 14. As low as 27-uHz accuracy is ach-
ieved within 16-h measurement. The inset of Figure 14 magnifies the measured dates from
30,000 to 31,000 s and shows fluctuation range within 0.1 mHz. Typically, thermal effect, Kerr
nonlinear effect, pump-induced nonlinear effect, and random acoustic perturbations contrib-
ute to the precision of f,, stabilization. For our experiment, a temperature-controlled incuba-

_ / foe-mm,
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Figure 13. Experimental setup. LD1, LD2, and LD3: pump diodes at 976 nm; WDM1, WDM2, and WDM3: 980/1550 nm
wavelength division multiplexers; EDF1, EDF2: erbium-doped fiber; BP: 2-nm bandpass filter centered at 1550 nm;
CP1, CP2, and CP3: 1550 nm couplers with splitting ratio of 45:55, 30:70, and 50:50, respectively; DCF: dispersion com-
pensation fiber; PD: photodiode detector; Rb: Rubidium clock; LFP: low-pass filter; A: electronic amplifier; PID: pro-
portional-integral-derivative controller; Driver: precision current source.
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tor with aripple of 0.2°C was used to take the laser cavity toisolate environmental perturbation.
As for Kerr-nonlinearity, the RIC is proportional to the traveling power of resonant laser.
Assuming 5-mW traveling power in NALM, the Kerr-induced RIC is estimated as 1.2 x 10~
’/mW, having the same order of magnitude of the pump-induced RIC (2.1 x 107/mW).
However, when the pump power of LD3 increased from 30 to 205 mW, only 1.6% of output
power change was observed, which means little change on the dynamic process of pulse
evolution in NALM. Thus, the Kerr-induced RIC is near ~1% of the RIC by pump-induced
nonlinearity. Therefore, we postulate that the nonlinearity on the RIC of fibers owes to pump-
induced nonlinear effect and thermal effect rather than Kerr effect.
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Figure 14. The long-time stabilization of repetition rate.

6. Conclusion

In this chapter, we first present several types of mode-locked fiber lasers, as well as their
derivatives for SC generation. Second, an effective method named DPA was applied in Er-
doped fiber laser system allowing simultaneous pulse amplification and compression so that
additional pulse compressor is no longer needed. With x8 replicas in DPA, as high as 500-mW
average power was achieved and the highest SHG conversion efficiency was measured to be
56.3%. Third, an all-optical method, named as pump-induced nonlinearity, is applied to
stabilize the repetition rate of a figure-eight Er-doped fiber laser, achieving as low as 27-uHz
accuracy within 16-h measurement.
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