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Self-starting Q-switching, Q-switched mode-locking and mode-locking operation modes are achieved sequentially in
an all-fiber erbium-doped fiber laser with thulium-doped fiber saturable absorber for the first time. The central wavelengths
of Q-switching, Q-switched mode-locking and mode-locking operation modes are 1569.7 nm, 1570.9 nm, and 1572 nm,
respectively. The mode-locking operation of the proposed fiber laser generates stable dark soliton with a repetition rate of
0.99 MHz and signal-to-noise ratio of 65 dB. The results validate the capability of generating soliton pulse by doped fiber
saturable absorber. Furthermore, the proposed fiber laser is beneficial to the applications of optical communication and
signal processing system.
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Pulsed fiber lasers have attracted plentiful attention in var-
ious applications in the latest decades, due to the abundant ad-
vantages including low lasing threshold, simple configuration,
high efficiency and low cost. Saturable absorber (SA) is the
essential device to realize the pulsed fiber lasers. Various SAs,
such as semiconductor saturable absorption mirror,[1] car-
bon nanotube,[2] graphene,[3] topological insulators,[4,5] black
phosphorus,[6] and transition metal dichalcogenides,[7,8] have
been studied to achieve mode-locking operation in fiber lasers.
These materials are vulnerable to oxidization, which leads to
short-term stability.[9] Meanwhile, thermal effects induced by
optical power restrict the damage threshold of these SAs.[10]

One of the most effective techniques to address these is-
sues is to employ the doped fiber saturable absorber (DFSA)
to realize all-fiber configuration in fiber lasers. In fact,
DFSA, a segment of doped fiber inserted in the laser cav-
ity, possesses long-time stability and high damage threshold
due to the intrinsic feature of silica glass. Moreover, em-
ploying DFSA is the most practical method to manufacture
all-fiber pulsed lasers because DFSA is more accessible and
convenient to be fabricated massively. To date, DFSA is
mostly employed for Q-switching pulse generation. For in-
stance, the first all-fiber pulsed fiber laser with DFSA was
demonstrated by utilizing 25 cm-long fiber SA doped with
chromium, an element of transition metal.[11] Afterwards, DF-
SAs mainly consist of fibers doped with rare-earth elements,

such as erbium,[12] samarium,[13] ytterbium,[14] thulium,[15]

and holmium.[16] Recently, bismuth, an element of main
group, doped in the fiber was reported as a Q-switcher in an
all-fiber erbium-doped fiber laser (EDFL).[17]

However, mode-locking operation in pulsed all-fiber
lasers based on DFSA have only been reported in two pa-
pers. Mode-locking operation in an EDFL by using Tm–
Ho co-doped fiber SA was firstly experimentally reported in
2013. Q-switching, Q-switched mode-locking and continuous
mode-locking operations were observed with an external in-
tervention of rotating the polarization controller.[18] Based on
the same type of doped fiber, self-starting dual-wavelength Q-
switching and mode-locking operations were obtained in an
EDFL. The pulse duration was 128 ns at high pump power
of 166 mW.[19] However, both all-fiber lasers did not ob-
tain any soliton in mode-locking operation. On the basis of
these results, we speculate that the relaxation time of DFSA
is increased by the intensive interaction between thulium and
holmium ions co-doped in the fiber, as thulium and holmium
are collectively sharing similar absorption profile in gain spec-
trum of erbium.[20]

In this paper, a 12 cm-long thulium doped fiber (TDF) SA
is spliced in an EDFL cavity for pulse generation in all-fiber
configuration. To the best of our knowledge, self-starting Q-
switching, Q-switched mode-locking, and mode-locking op-
eration states are sequentially observed in the proposed fiber
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laser for the first time. In the mode-locking operation, dark
soliton with a repetition rate of 0.99 MHz and signal-to-noise
ratio of 65 dB is generated with DFSA.

To demonstrate the optical properties of the TDF SA, the
characterization of the TDF is shown in Fig. 1. The absorp-
tion loss of TDF is measured by a white light source and an
optical spectrum analyzer, which is about 3 dB near 1570 nm
in Fig. 1(a). The nonlinear saturable absorption of the TDF
is measured by a balanced twin detector measurement tech-
nique. The modulation depth and the non-saturable absorption
are 3.6% and 49%, respectively, as shown in Fig. 1(b). The
modulation depth of TDF is relatively low, which may lead to
strong pulse shaping and reliable self-starting.
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Fig. 1. Characterization of TDF: (a) linear absorption profile, and (b) nonlin-
ear saturable absorption curve.

The experimental setup of the proposed EDFL with an
all-fiber ring cavity configuration is illustrated in Fig. 2. A
2.4 m-long erbium-doped fiber (EDF, type I-25) is used as the
gain medium and pumped by a 980 nm laser diode pump via
a 980/1550 nm wavelength division multiplexer (WDM). The
200 m-long single mode fiber (SMF-28) is incorporated into
the cavity to adjust the total cavity dispersion. The TDF is
inserted in the cavity as a SA. The unidirectional laser pulse
propagation is ensured by a polarization-independent isola-
tor. The 90:10 coupler is inserted into the cavity between
the WDM and the isolator. The polarization-dependent losses
of couplers, WDM and optical isolator are less than 0.1 dB.
Ten percent of generated pulses are drawn out by the cou-
pler and monitored by an optical spectrum analyzer (YOKO-

GAWA:AQ6370B), an oscilloscope (Yokogawa:AQ6370B),
an optical power meter (Thorlabs:PM100D) and a radio fre-
quency spectrum analyzer (Anritsu:MS2683A), respectively.
All the components are spliced in the pulsed fiber laser to
realize all-fiber configuration. The group velocity dispersion
(GVD) plays a crucial part of maintaining stability in mode-
locking operation. The GVD of the EDF is −20.3 ps/nm·km
and that of the SMF is 16 ps/nm·km, at the wavelength of
1550 nm. In our case, the central wavelength is around
1570 nm, and thus the negligible difference of GVD can be
ignored. The total length of the whole cavity is ∼ 205 m cor-
responding to the net cavity dispersion of −4.2 ps2.

WDM
EDF

SMF

OC

10% output

LD pump

ISO

TDF

Fig. 2. Schematic of all-fiber pulsed ring laser. LD, laser diode; WDM, wave-
length division multiplexer; OC, optical coupler; EDF, erbium-doped fiber;
SMF, single mode fiber; TDF, thulium-doped fiber; ISO, isolator.
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Fig. 3. The Q-switched operation outputs at 23 mW. (a) Optical spectrum of
the Q-switched operation, (b) typical Q-switched pulse train, (c) single pulse
envelope, (d) the RF spectrum.

The self-started Q-switched pulses occur once the pump
power increases to 13 mW, the threshold of continuous-wave
lasing. The Q-switched output spectrum at pump power of
23 mW is shown in Fig. 3. In Fig. 3(a), the operating cen-
tral wavelength is located at 1569.7 nm, with 3 dB band-
width of 0.6 nm. Figure 3(b) shows the Q-switched pulse train
which consists of bright and dark pulses. The repetition rate is
4.05 kHz, corresponding to the time interval of 247 µs. From
the profile of the single pulse in Fig. 3(c), we can see that the
output pulses have a full width at half-maximum of 34.2 µs
with an unsymmetric temporal profile.[21] The corresponding
radio frequency (RF) spectrum is measured with a resolution
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bandwidth of 10 Hz, as shown in Fig. 3(d). The fundamen-
tal frequency is 4.05 kHz, which consistently agrees with the
pulse repetition rate. The signal-to-noise ratio (SNR) is over
50 dB, indicating the high stability of the laser output.

Figure 4 depicts the evolution of Q-switching pulse per-
formance as the pump power increases from 13 mW to 23 mW.
The evolution of the repetition rate and pulse width with pump
power is shown in Fig. 4(a). The pulse width decreases from
55 µs to 34 µs while the repetition rate of the Q-switched
pulses increases from 2 kHz to 4 kHz consistently. The aver-
age output power and the pulse energy increase from 0.1 mW
to 0.46 mW and from 51 nJ to 113 nJ with the rise of pump
power, respectively, as noted in Fig. 4(b).
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Fig. 4. (a) The pulse duration and repetition rate versus pump power. (a)
Average output power and pulse energy versus pump power.

Once the pump power exceeds 23 mW, the Q-switching
operation becomes unstable. Further increasing the pump
power leads the fiber laser into Q-switched mode-locking
(QML) operation, and the Q-switching operation can be re-
covered again just by decreasing the pump power. The QML
pulses are composed of multiple mode-locked pulses which
are uniformly sequenced to appear in large Q-switching en-
velopes. The optical spectrum of QML operation can be seen
in Fig. 5(a). The central wavelength is 1570.9 nm with a 3 dB
bandwidth of 1 nm. Figure 5(b) shows the QML pulse trains at
the pump power of 29 mW. As can be seen, the envelope of the
QML pulse train displays a shape similar to the Q-switching
pulse in Fig. 3(b). Figure 5(c) shows the typical mode-locking
pulses zoomed-in from the image of the QML pulse shown in

Fig. 5(b). It can be seen clearly that multiple mode-locking
pulses are contained in the Q-switching envelope. The tem-
poral width of the Q-switched envelope is ∼ 63.3 µs, and the
time interval between the internal pulses is ∼ 505 ns.
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Fig. 5. (a) The QML optical spectrum. (b) Typical QML pulse trains at
29 mW. (c) Magnified view of the single QML pulse.

By continuing to increase the pump power, the proposed
fiber laser enters the mode-locking operation. The central
wavelength of mode-locking optical spectrum is 1572 nm with
3 dB bandwidth of 0.8 nm, as shown in Fig. 6(a). It is noted
that the optical spectrum becomes narrower, and the central
wavelength shifts to longer wavelength during the sequential
evolution of diverse operations. Due to the increase of pump
power, the net increase in gain causes a minor shift in wave-
length of about 1 nm towards the longer wavelength.

Due to the cross-phase coupling enhanced by the ascent
of pump power, a mode-locking dark pulse train is formed in
the cavity. The mode-locking operation can sustain up to the
pump power of 41 mW. Figure 6(b) plots the corresponding
pulse train which is displayed as intensity dips in an otherwise
continuous wave beam of laser emission. Based on numerical
simulations, the dark pulse formation is a result of the dark
soliton shaping in the fiber laser.[22] As the birefringence is
caused by inserting the TDF, the propagating light splits into
two orthogonal components. The adjustment of pump power
changes the phase difference between the two orthogonal com-
ponents. The formation of dark soliton derives from the over-
lap between these two components.[23] Unfortunately, owing
to the low repetition rate of the dark pulses, delicate autocorre-
lation trace cannot be detected in a conventional autocorrela-
tor, and a cross-correlation measurement technique is required.
The magnified view of dark pulse is presented in Fig. 6(c). The
pulse-to-pulse interval is 1.01 µs, corresponding to the funda-
mental pulse repetition rate of 0.99 MHz. It is evident that the
single pulse envelope only contains dark dip rather than bright
pulse. The stability of the dark pulse is further monitored by
a RF spectrum analyzer. As shown in Fig. 6(d), the SNR is
measured to be around 65 dB at the fundamental frequency

064204-3



Chin. Phys. B 31, 064204 (2022)

of 0.99 MHz. High SNR and multiple harmonics demonstrate
the good stability of mode-locking operation. Compared with
bright pulses, researchers have stated that dark pulses are less
affected by the power loss and background noise in fiber op-
tical propagation.[24–26] Therefore, dark pulse mode-locking
fiber lasers possess great potential for the application in opti-
cal communication systems and signal processing.[27,28]. Fur-
ther increasing the pump power beyond 41 mW leads to unsta-
ble pulses which eventually disappear when the laser switches
back to continuous wave operation. It is indicated that the SA
is oversaturated by the enhancement of pump power.
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Fig. 6. The mode-locked operation outputs at 41 mW. (a) Optical spectrum
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The output power development against pump power of
proposed all-fiber laser is represented in Fig. 7. The exper-
imental results include three different regimes: Q-switching,
QML and mode-locking operations. During the rise period of
pump power, the output powers are directly proportional to the
pump power and increases linearly without any fluctuation be-
tween different regimes. Thus, the slope efficiency of three
operation regimes is calculated as same as 4%. Furthermore,
the proposed fiber laser has been working steadily for several
hours without any interruption in the lab. Different regimes
can be operated back and forth while the pump power shuttles
slowly between 13 mW and 41 mW.

In summary, we have demonstrated self-starting diverse
operations in an EDFL incorporated with DFSA which is pre-
pared by a piece of TDF for the first time. By adjusting the low
pump power, Q-switching, QML and mode-locking operations
are realized sequentially at 1570 nm region. The output dark
soliton with SNR of 65 dB is generated in the mode-locking
operation at repetition rate of 0.99 MHz. The experimental re-
sults contribute to the development of DFSA in all-fiber mode-
locking laser which could find applications in optical commu-
nication and signal processing system.
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