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Abstract: The Q-switched and mode-locked (QML) pulses of an all normal dispersion Yb%*-
doped fiber laser (YDFL) using the nonlinear polarization rotation technique with symmetric
and asymmetric Q-switched envelopes were investigated. For QML pulses with a symmetric
shape, the width of envelope decreases as the pump power increases, achieving a shortest
duration of ~1.4 us. An alternate QML state of the YDFL exhibited an asymmetric envelope
with a broad spectrum bandwidth, and whose short duration mode-locked pulses could be
used as a light source for the cascaded Raman scattering generation through the injection
of these high intensity QML pulses into an amplifier, using Yb®*-doped germano-zirconia
silica (YD-GZS) glass based fiber as the gain fiber. In addition, the generation of a relatively
broad spectrum near the IR range and the observation of some emission bands in the visible
and UV range have been demonstrated at high pump power.

Index Terms: Q-switched and mode-locked, Supercontinuum generation, Yb3*-doped fiber
laser.

1. Introduction

Recently, passively mode-locked lasers (PMLs) operating within near-infrared range (e.g., diode
pump solid state lasers (DPSSLs), and fiber laser systems), have attracted considerable attention,
since they can be widely used in industrial applications, medical diagnosis and scientific investiga-
tions. PMLs have been experimentally demonstrated with the insertion of a saturable absorber (SA)
such as the semiconductor saturable absorber mirror (SESAM) [1], carbon nanotubes or graphene
[2], and graphene oxide inside laser cavity [3]; or with artificial SAs, such as the nonlinear ampli-
fier loop mirror (NALM) [4] and nonlinear polarization rotation (NPR) methods [5]. In general, the
repetition rate of a continuous wave mode-locked (CW-ML) pulse train from conventional PMLs,
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Fig. 1. Schematic setup of PML YDFL (WDM: wavelength-division-multiplexing coupler; YDF: ytterbium-
doped fiber; PDI: polarization dependent isolator; PC: polarization controllers) and the YDFA using the
YD-GZS as a gain fiber.

which is determined by the cavity length, is relatively high. By using these CW-ML lasers in some
nonlinearity measurements, it can induce undesirable effects such as the thermal lensing effect
or even cause damage to the samples. Therefore, it has become of crucial importance to reduce
the pulse repetition rate and to increase the pulse energy of CW-ML pulses through technological
means such as cavity dumping, pulse pickers, or even the regenerative amplifying system. The
Q-switched and mode-locked (QML) technique is an alternative way to achieve this goal that has
been demonstrated in DPSSLs by using Cr**:YAG as a saturable absorber [6] and ytterbium-doped
fiber lasers (YDFLs) through the insertion of the SESAM inside the laser cavity, or by adopting the
NPR technique [1], [7], which we have used here.

In recent decades, supercontinuum generation (SCG) produced by launching high peak-power,
ultra-short optical pulses through highly nonlinear fibers, such as photonic crystal fibers [8], [9], and
tapered fibers [10], [11], has also attracted great interest. The produced supercontinuum spectra
typically exhibit broad bandwidths, which can be over hundreds or even thousands of nanometers,
with fine inner structures and can be practically applied in a number of areas, such as optical
frequency metrology, spectroscopy, optical coherence tomography, and optical communications
[12]. The mechanism of SCG has been attributed to various nonlinear phenomena including self-
phase modulation (SPM), stimulated Raman scattering (SRS), four-wave mixing, soliton fission,
Raman self-frequency shifts, and dispersive wave generation [13]. Owing to their compact structure
and reliable properties for use as an all fiber SCG source, several active media, such as Yb-doped
fibers with emission wavelength of ~1 um [14], [15] and Er-doped fibers with emission wavelength
of ~1.55 um[16], [17], have been adopted for use as ultra-broad light sources. The evolution of SCG
by launching a low repetition rate CW-ML pulses from an all-normal-dispersion (ANDi) YDFL into a
ytterbium doped amplifier (YDFA), through YD-GZS fibers, has been recently demonstrated [18]. In
this work, we investigated the soliton dynamics of YDFL, focusing particularly on the characteristics
of QML pulses. After launching QML pulses through the YDFA, cascaded Raman scattering and
SCG have been observed, generated by the accumulation of nonlinearities inside the fiber.

2. Experimental Details

The schematic setup of an ANDi-YDFL with ring configuration is shown in Fig. 1. The gain fiber was
a 30 cm long Yb3*-doped fiber (YDF) with a core diameter of 5 um, and the numerical aperture of
0.2, with absorption coefficient at 976 nm of 1200 dB/m. A 976 nm laser diode (LD), used as a pump
source, was coupled to the laser cavity by a wavelength-division multiplexer (WDM). The mode-
locking mechanism based on the NPR technique combined two polarization controllers (PCs), and
one polarization dependent isolator (PDI) inside the laser cavity. The PCs (F-POL-IL, Newport
Inc.), comprising a fiber squeezer, applied simple squeeze-and-turn operations to generate a linear
birefringence in the optical fiber, and induce different polarization states of the pulsed light inside
the cavity by a variation of pressure. The PDI played both the role of a linear polarizer and isolator
to ensure the unidirectional propagation of laser light inside the cavity. An 80/20 fiber coupler was
used as an output coupler (CP), for which 20% of the laser energy was outputted. In order to
prevent the feedback of pulsed light into the oscillator, an isolator was connected outside the cavity
of the YDFL. Furthermore, we adopted a 95/5 coupler as a beam splitter after the isolator, in which
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5% of the output light was measured by an optical spectrum analyzer (OSA, Ando AQ-6315E) and
oscilloscope (Wave Surfer 62 Xs, bandwidth 650 MHz, LeCroy Inc.) to monitor the laser dynamics,
and the other 95% of the output light was recorded by the detector and shown in a power meter
(Newport 1918-C).

The schematic setup of the YDFA is also shown on the right hand side of Fig. 1. The employed
gain fiber was a 20 m single-mode YD-GZS fiber, which was manufactured using modified chemical
vapor deposition (MCVD) in conjunction with a solution doping (SD) technique, in order to achieve
uniform doping of other elements, such as 20 wt% GeO,, 1.5 wt% ZrO, and 0.4 wt% Yb,Og3 [18].
The core diameter and the corresponding mode-filled diameter of the fiber were 3.25 um and
3.75 um, respectively [19]. The YD-GZS has high doping concentration of GeOs in the fiber core,
third order nonlinearities including both Kerr and Raman effects for the Yb-doped germane-zirconia
fiber would be greatly enhanced [20]. The incorporation of ZrO, can also further increase of the
nonlinear optical property of silica glass based optical fibers [21], [22]-[25]. Accordingly, the YD-
GZS fiber is a superior gain medium of the amplifier for the broad spectrum generation based on the
cascaded Raman scattering proposed in this work in comparing to the general Yb®+-doped silica
fibers. The generated QML pulses from the YDFL were launched into the YDFA, and the output
power and corresponding spectrum of the amplified pulse were measured by the power meter and
OSA, respectively.

In comparing to the traditional soliton produced in anomalous dispersion cavity [3], the bandpass
filter (BF) is a critical device for preserving the soliton inside the cavity for a PML-YDFL in ANDi
cavity. However, various experimental results have demonstrated that PML pulses in ANDi cavity
based on NPR mechanism can be produced without BF [5] because of the invisible filter inside
laser cavity [26]. The evolution of electric field inside the PML-YDFL based on the NPR, beginning
at the position / (P-/) in Fig. 1, can be represented by the Jones matrix.

E"x(t)| |[cosas 0 1 0 COS a1 0 Ex(1) 1
[E”y(t)]_[ 0 Sina2:||:0 e—f(AWLJFA‘/’NL)}[ 0 sinaJ[Ey(t) ] (1)

E(t) and E ,(t) is the x- and y-component of initial electric field E(t) at P-/and E|(t) and E(1) is the x-
and y-component of output electric field E(t) after PDL (position /I (P-1])), «1 and a» are the angles
between x axis and electric field vector at the initial position and output position, relatively. Owing to
the squeezing by PC and some imperfection of the SMF, the linear phase shift A¢, = (n, — ny)/BL
would be produced. In addition, we need to consider the self-phase modulation (SPM) and cross
phase modulation (XPM) so that the nonlinear refractive index can be expressed as:

2 2
Nt = n, <|EX|2 + §|Ey|2> = n2|E(t)|2 <COSZa1 + gsin2a1> 2
2 2
)t =n, <|Ey|2 + §|EX|2) = n2|E(t)|2 <sin2a1 + gcoszou) (3)
Thus, the nonlinear phase shift A¢y, can be induced as:
PL
Agne = (n)t —nl") BL = ny (sinay — cos®a) ]E(t)|2ﬁL /3= —VT oS 21 (4)

Here P is instantaneous peak power, y(wg) = n2 wo/CAef iS nonlinear coefficient. Based on the
(1), the transmission (T) of the NPR can be represented by:

|E//(t)
T=
E@F

| 2

. . 1 .
= cos’a1.c0S%as + Sinaq.sinas + 5 sin 2a4 sin 200 COS(Ad, + Agyy) (5)

Here, Tis strongly depending on A¢; and A¢y; and Ty is the initial transmittance of artificial SA
without incidence of the pulse (P = 0). Thus, an ultrafast switching can be produced after properly
adjusting the PC to control a1, ao and A¢; and make sure the transmittance will be increased with
the intensity of input pulse.
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Fig. 2. (a) Optical spectra for the QML4 (blue curve) and QML; (red curve) states; the corresponding
time trace of single expanded Q-switched and mode-locked pulses for (b) QML+ state (fitting curve:
blue solid line) and (c) QML state (fitting curve: red solid line) and (d) mode-locked pulse train inside
Q-switched envelope.

In previous report, a Lyot filter [27] is adopted in PML-YDFL to control the central wavelength
which based on the integration of polarization maintaining fiber (PMF) and (In-Line polarizers) (ILP).
Theoretically, peak-to-peak filtering bandwidth from Lyot filter is determined by AL = A2/L An,
where 1 is center wavelength, L is the length of the PMF and An = ng,, — npg is the birefringence.
In contrast, peak wavelength of pulsed light for the PML-YDFL through the NPR can also be
controlled based on invisible filter constructed by the phase shift between fast and slow axis. Here,
Ap = A¢r + Apnr = (2r/A).Lewr. AN, Lo = [1 — exp(—al )]/« is the effective propagation length
of SMF, which L is fiber length and « is attenuation coefficient of the fiber. Owing to the tunable filter,
mentioned previously, constructed by the mechanical induced birefringence change from single
mode fiber [26], the central wavelength of emission light from PML fiber laser based on the NPR
technique can be effectively varied.

3. Results

By proper rotation of the PCs, the YDFL could be operated in a QML state with various peak
wavelengths (1,). Fig. 2(a) shows the optical spectra of two different states of QML pulses, where
the peak wavelengths are located at 1062 nm (QML,), and 1032 nm (QML.), with corresponding
3-dB bandwidths (AX) of 5.6 nm and 3.9 nm, respectively. The time trace of the expanded single
QML pulses for the QML and QML states are shown in Fig. 2(b) and (c), where the mode-locked
(ML) pulses were modulated by the Q-switched envelope. In order to obtain the rising (z1), and
falling (t2) times of the Q-switched envelope, we fit the curves with the formula,

A

P(t) = 5

{exp[1.76 x t/71] + exp[—1.76 x t/12]}
where Ais a scaling factor, and the temporal width and symmetric parameters of the QML envelope
are defined as T = (11 + 12)/2, and 11 /12, respectively [6], [7]. The determined values from a fit with
(3) (red and blue solid curves) of the rising time 74, and falling time 1, of the Q-switched envelopes
in Fig. 2(b) and (c), as well as the estimated temporal width, t, and the symmetric parameters,
71/12, are all listed in Table 1. The values indicate that the widths of the Q-switched envelopes
for the QML and QML; states are 1.31 us, and 1.38 us, with symmetric parameters 0.82 and
0.86, respectively. Since the estimated values of 71/t approach the value one, it shows that the
Q-switched envelopes of the YDFL are relatively symmetric. The expansion of QML pulses in the
center of the Q-switched envelope is shown Fig. 2(d). It clearly indicates that the time interval
between ML pulses is around 46.6 ns, corresponded to the pulse repetition rate of 21.4 MHz, that
matches well the cavity length 13.9 m.

Fig. 3 shows the evolution of the optical spectra and time traces of the YDFL QML state as the
pump power varies. The parameters for the evolution of QML1 state does not reveal in this paper,

(6)
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TABLE 1
The Parameters of YDFL at Three QML States

States Ap (M) AX(NM)  Ty(uS)  To(uS) /T2 T(uS)
Q1(QMLy) 1032 3.9 1.18 1.44 0.82 1.31
Q2(QML,) 1062 5.6 1.27 1.48 0.86 1.37
Q3(QML3) 1038 70 0.47 3.35 0.14 1.91
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Fig. 3. The evolution of optical spectra (left hand side) (a)—(c) and the corresponded time trace of QML

pulse train (right hand side) (d)—(f) of YDFL at QML, state as pump-power at 144 mW, 219 mW and
293 mW, respectively.
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Fig. 4. The variation of (a) repetition rate (Rrep) and the width (r) as well as (b) output power (Poyt) and
pulse energy (E;) as a function of pump power for QML state.

since it shows the similar characteristic with QML2 state. While the pump power increased from
144 mW to 293 mW, the 3 dB bandwidth of the optical spectrum increased from 1.8 nm to 5.6 nm,
as shown in Fig. 3(a)—(c). The corresponding time traces of the Q-switched and mode-locked pulse
trains, at the same pump power, are shown in Fig. 3(d)—(f). It is clear to see that the time shape
of the Q-switched envelope is still relatively regular, and that the timing jitter is small for the QML
state. The time interval between Q-switched envelopes at a pump power of 144 mW was 14.6 us,
corresponding to a repetition rate of 68.5 kHz. As pump power was increased, the interval between
Q-switched envelopes decreased (equivalently, the repetition rate increased). At a pump power of
293 mW, the interval between Q-switched envelopes was 11.3 us, corresponding to a repetition
rate of 88.5 kHz, as shown in Fig. 3(f).

The variation of the repetition rate (R.ep, red diamonds), and width (z, navy points), of the Q-
switched envelope as a function of pump power for the QML state are shown in Fig. 4(a). The data
indicates that the repetition rate and width of the Q-switched envelope increased and decreased
linearly, respectively, as the pump power was increased. At the highest pump power of 292.6 mW,
the repetition rate and width of envelope were 88.5 kHz, and 1.38 us, respectively. We note that in
this work, the width of the Q-switched envelope is narrower than a previously reported NPR based
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Fig. 5. (a) Optical spectrum (red solid line) as well as the inset shows the intensity autocorrelation (blue
line), (b) corresponded time trace of QML pulse trains, and (c) single expanded QML pulse train at the
QML3 state.

YDFL pulse width value of 65 us [7]. The variation in the output power, Pyt (red diamonds), and
corresponding pulse energy, E, (blue stars), of the YDFL with increasing pump power are shown
in Fig. 4(b). The highest output power and pulse energy recorded were 33.6 mW, and 377.1 nJ,
respectively.

Also, a different QML state, QML3, which was observed through adjustment of the PCs, exhibited
a broad spectrum bandwidth extending from 1024 nm to 1094 nm, as shown in Fig. 5(a). The QML
pulse train, shown in Fig. 5(b), indicates that the interval between Q-switched envelopes was ~7 us,
corresponding to a repetition rate of ~142.9 kHz. Through use of an autocorrelation measurement,
the pulse duration of each mode-locked pulse inside the envelope was determined to be ~71.8 ps
(fit with the Gaussian function). Owing to the short pulse duration of the YDFL in the QML; state,
relatively high nonlinearity can be produced and accumulated as the ML pulsed light propagates
inside the laser cavity. In addition, the period of the QML pulses in Fig. 5(b) is still observed to be
relatively regular, similar to the previous states. However, the Q-switched envelope of the QMLj
state displays an asymmetric shape, and the expanded single QML pulse train is shown in Fig. 5(c).
Fitting the curve with (1) reveals the rising time, t1, and the falling time, ., of the envelope to be
0.47 us and 3.35 us, respectively. Furthermore, the width, ¢, and the ratio, t1/ 12, of the Q-switched
envelope are approximately 1.91 us and 0.14, respectively, as listed in Table 1. In comparison to
the previous states, the QMLj3 state exhibits a slightly broadened Q-switched envelope and a more
asymmetric shape. Theoretically, the rise time 7y and fall time 1,, of Q-switched envelope is related
to the n;/n; and photon life time, respectively. Here, nt is threshold inversion and ni is initial inversion
which is defined as [6]:

_In(1/To) +In(1/R) + L
- ol

(7)

where Ty is initial transmittance of SA, L is nonsaturable intracavity round-trip optical loss, o and
| are the stimulated emission cross section and the length of gain medium, R is the reflectance
of laser cavity, As mentioned previously in (2) for the NPR, Tp can be controlled by the proper
controlling the polarization inside laser cavity. From (2), the initial transmittance Ty and the loss
can be controlled after proper adjusting the PC in NPR mechanism. Thus, the asymmetry shape
of Q-switched envelope for the QML3, smaller value of ¢y and larger value of 1o, in comparison to
the previous two states can be attributed to the lower Ty and longer photon light lifetime through
artificial SA.

In comparison to the CW mode-locked pulses, the QML pulses can be used to induce nonlinearity
in optical fiber due to its narrower pulse duration and lower repetition rate. Thus, we used the QML
pulses (QML3) from the YDFL as a seed source, and injected it through the YDFA, using a YD-GZS
fiber as the active medium, as in Fig. 1. Owing to the output power of the YDFL around 32.6 mW,
the estimated intensity of each ML pulse at the QML3 state inside the fiber is ~0.7 GW/cm? and
the nonlinear coefficient y of YD-GZS can be estimated to be ~19 W='Km~' [19]. Here, n; is
nonlinear refractive index 2.6 x 10720 m?/W in silica fiber and wy is the center frequency of the fiber

i
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Fig. 6. Evolution of optical spectra in linear scale as the measured output power of YDFA at (a) 43.5 mW,
(b) 82.5 mW, (c) 99.7 mW, and (d) 106.8 mW. (e) The generated spectrum as pump power of LD, at
293 mW.

laser, Ag is an effective area of the silica fiber in considering the core diameter of 5 um from the
nonlinear fiber. Fig. 6(a)—(d) show the measured power spectra (linear scale) from the output port
of the YDFA at four different transmitted pulse energies (from 86.1 nJ to 235.1 nJ). The emission
peak of ~288.8 THz (corresponding to a peak wavelength, 1,1 = 1038 nm), can be observed for
an LD, pump power of 43.5 mW. As output power increased to 82.5 mW, another emission peak
at 276.1 THz (with peak wavelength A ,» = 1086 nm) can be excited, about 12.7 THz downshifted
in frequency relative to the 24, of the first order Stokes wave. At even higher output powers
(LD2 = 99.7mW, 106.8 mW), other emission peaks with peak wavelengths, A,3 = 1142.4nm,
and A4 = 1197 nm, with relative downshifts in frequency of ~13.5 THz and ~11.7 THz, were
observed (shown in Figs. 6(c) and (d)), which are close to the Raman scattering bandwidth of
13 THz. In addition to Raman scattering, other nonlinear effects such as self-phase modulation
(SPM), cross phase modulation (XPM), and even the degenerate four wave mixing (DFWM), can
be induced inside a single mode fiber [18]. Thus, the evolution of the optical spectrum may be
shifted not only toward long wavelengths, but also toward the short wavelengths. The relative broad
spectrum from visible to near IR as a pump power of 293 mW is shown in Fig. 6(e).

4. Conclusion

We investigated the characteristics of periodically Q-switched mode-locked pulses from an all nor-
mal dispersion Yb-doped fiber laser based on the nonlinear polarization rotation (NPR) mechanism.
In considering the invisible filter inside cavity based on NPR, the mode-locked pulses can be gener-
ated with tunable emission wavelength after properly controlling the polarization inside cavity. In our
first experimental scenario, the YDFL revealed two Q-switched envelopes with peak wavelengths of
1032 nm and 1062 nm, respectively. As pump power increased, the width of the Q-switched enve-
lope increased, while the repetition rate decreased. Using a maximum pump power of 292.6 mW,
a repetition rate of 88.5 kHz and pulse energy of 377.1 nJ were obtained. In addition, we have also
demonstrated the generation of a QML state with an asymmetric Q-switched envelope, a broad
spectrum bandwidth, and short pulse duration. The shape of Q-switched envelope, including the
rising and falling time, is attributed to the initial population or initial transmittance of artificial SAs.
Through the injection of this low repetition rate and high peak power QML pulse into a fiber amplifier,
using YD-GZS fiber as the gain medium, cascaded Raman scattering was observed as the pump
power was increased. As the highest LD pump power from the YDFA was set at 293 mW, a relatively
broad spectrum was generated near the IR range, and some emission bands in the visible and UV
regions were observed, due to the combination of various intrinsic nonlinearities.
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