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State-switchable Multi-wavelength and Dissipative Soliton
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Abstract: This paper demonstrates a state-switchable Tm-doped fiber laser based on nonlinear amplifying
loop mirror and Lyot filter technique. By properly adjusting the polarization controller and pump power,
the Tm-doped fiber laser can operate in multi-wavelength state and dissipative soliton mode-locked state,
respectively. And two types of operating states can be switched to each other. For multi-wavelength
state, 8 stable wavelength peaks are generated within half of peak power variation. For the dissipative
soliton mode-locked state, the dissipative soliton with pulse energy as high as 41.49 nJ, the pulse
duration of 2.4 ns, and the spectrum bandwidth of 29 nm is generated at the center wavelength of
1 996 nm. The switching between different operating states is due to the change in the function of the
nonlinear amplifying loop mirror caused by the polarization controller.
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0 Introduction

In recent years, 2 pm fiber laser with the advantage of operating at the atmospheric window and eye-

(2] has developed rapidly due to its wide range of applications in laser space

communication, laser biomedical treatment and laser sensing fields"?

safe wavelength range
. 2 pm fiber laser with different
operating states is required in different fields. For example, Multi-Wavelength (MW) fiber laser plays an
important part in the fields of Wavelength Division Multiplexing (WDM) systems, sensing systems and

microwave photonicst®®

[6-7, 9-10]

. At present, most of researches about MW f{iber laser focus on the 1.5 pm

region at home and abroad. In contrast, there have been fewer works on MW fiber laser at 2 pm

11-18]

wavelength region . The common methods for realizing the MW laser are to combine the periodic

response characteristics of a comb filter, such as Mach-Zehnder Interferometer (MZI)M, tapered

L4 with the gain characteristics of a doped fiber™. Wang, et al.

fiber™ %, Lyot filter® 1, Sagnac loop
obtained single-wavelength, dual-wavelength, and three-wavelength Tm-doped fiber laser based on a micro
fiber-optic Fabry-Perot Interferometer (FPI) and a Nonlinear Optical Loop Mirror (NOLM)™ . Liu, et al.
implemented multi-wavelength fiber laser based on Nonlinear Polarization Rotation (NPR) and Lyot
filter™. The adjustment of the wavelength interval can be achieved by changing the length of the
polarization-maintaining fiber. Peng, et al. realized a 1.97 pm multiwavelength Tm-doped fiber laser based
on a Nonlinear Amplification Loop Mirror (NALM) and a polarization-maintaining fiber loop mirror™.
Yan, et al. implemented a tunable multi-wavelength mode-locked Tm-doped fiber laser based on NPR

15 In addition, utilizing some mechanisms and effects used to suppress

e

technology with birefringent fiber
spectrum broadening can also achieve stable MW state. These include Four-Wave Mixing (FWM
Stimulated Brillouin Scattering (SBS)™'™.

On the other hand, high-energy ultrafast mode-locked fiber laser operating at 2 pum region plays
important role in optical communication, material processing and laser medical treatment. But there still
exist some problems for obtaining high energy pulse. Since the high anomalous dispersion of TDF and
single-mode {iber in 2 pm region, the mode-locked pulse is usually limited to conventional soliton pulse. As

119 [ the energy of conventional soliton pulse is usually no more than 0.1 nJ

and the spectrum width is usually only a few nanometerst?*?"

the result of soliton area theory
. So far, various high energy pulses have been

[4, 22]

developed continually by different technologies, such as dispersion management soliton , self-similar

solitont** L24-25]

, noise-like pulse , Dissipative Soliton (DS)"**) By contrast, the DS is considered as a
better choice, which can tolerate by three orders of magnitude higher energy than others. The DS pulse can
be generated by using some mode-locked mechanisms, such as NPRM 221U, NOLM", NALMS#3,
Carbon Nanotube (CNT)™"#), Semiconductor Saturable Absorber Mirror (SESAM)""*1, molybdenum
disulfide (Mo0S,)®", Compared with other methods, NALM as an artificial saturable absorber has the

(38391 which is a better way to achieve

advantages of higher damage threshold, low cost and all-fiberization
high energy DS pulse.

To date, the fiber laser with switchable operating states has become the focus of researches and has
been reported in related literatures. Recently, a switchable soliton mode-locked and MW fiber laser has
been reported based on the NPR technique’. And Yun, er al. demonstrated a switchable vector
dissipative soliton and conventional soliton fiber laser based on the CNT saturable absorber and the Lyot
filter™!. As far as we know, for NPR technique!', due to the inherent characteristics of polarization-
dependent isolator, large insertion loss is caused. And polarization dependent isolator is expensive. And the
CNT saturable absorber of sandwich structure has low thermal damage threshold. Thus, it is necessary to
study a kind of high damage threshold, low-cost, state-switchable fiber lasers. Up to now. the state-
switchable MW and Dissipative Soliton Mode-Locked (DSML) Tm-Doped Fiber Laser (TDFL) has not
been reported based on the NALM and Lyot filter.

In this paper, we demonstrate a state-switchable TDFL based on NALM with a Lyot filter, delivering
two types of operating states; MW and DSMIL. The two types of states can be switched by carefully
adjusting Polarization Controller (PC). When NALM acts as an amplitude equalizer, the MW state with
uniform wavelength spacing can be obtained. In the case of NALM acts as a saturable absorber, the stable
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DSML state can be realized. We also further investigated the switching of MW state and DSML state. This

work lays a foundation for further study of the nonlinear dynamic characteristics of the fiber lasers.

1 Experimental setup and principle

The experimental setup of the state-switchable TDFL in a figure-eight configuration is illustrated in
Fig.1. The cavity consists of two fiber loops, unidirectional ring (left) and NALM (right), which are
connected to each other by a 50 ¢ 50 Optical Coupler (OC). In the NALM, a 4.5 m double clad Tm-doped
fiber (TDF, IXF-2CF-Tm-0-10-130, IX Fiber) with core/inner-cladding diameter of 10/125 pm is used as
the gain medium. Its absorption coefficient is 5.6 dB/m at 789 nm. The fiber laser is pumped by a
semiconductor multimode fiber laser with maximum power of 12 W operating at 793 nm via a (2+1) X1
signal-pump combiner. A 6 m SMF-1950 single-mode fiber dedicated to 2 pm band is used to enhance the
nonlinearity in the cavity. A Lyot filter consisted of PC and a piece of 5.8 m Polarization Maintain Fiber
(PMF) with beat length and birefringence of 5.2 mm at 1 950 nm and nominal 3.5X10"", respectively. In
unidirectional ring, the isolator is used to ensure the unidirectional transmission. The 30% port of the OC
with SMF-1950 pigtail fiber is used as the output port of the fiber laser. The rest of the fiber is SMF-28e
fiber. The total length of the cavity is approximately 29.5 m.

93 n
<_ P
I
( 1SO \ Combiner
TDF
® ® SMF-
. 1950
©) @
30% oc PMF-1950
50:50
A NG (O) )

70%
Fig.1 Schematic diagram of the experimental setup

The output characteristics of TDFL are measured by a power meter (7201560, OPHIR), a 1 GHz
digital sampling oscilloscope (WaveRunner 610Zi, Lecroy) with an InGaAs photodetector (ET-5000F,
EOT), an optical spectrum analyzer (Omni-A 750i, Zuolix) with a resolution of 0.05 nm, and a spectrum
analyzer (FSL3, Rohde&.Schwarz) with 3 GHz bandwidth.

NALM is a key component for this experimental setup. The incident field from port 2 of the 3 dB
coupler splits into two propagation fields with equal amplitudes and opposite directions. The two beams are
transmitted in the TDF and the single-mode fiber, respectively. And a certain phase difference can be
generated after a round trip. The two beams combine and interface in 3 dB coupler when they come back
from port 3 and port 4. Then the reflected and transmitted filed emerge from port 2 and port 1 of the 3 dB
coupler, respectively. The transmission of NALM can be simplified as the Eq. (1) 1

.

P,

where, P is the transmissive power; P, is the input power; G is the gain factor of the TDFA; % is the
split ratio of the 3 dB coupler, and the value is 0.5; ¥ is the nonlinear coefficient of the SMF-1950 and
PMF-1950, and the value is 2.0 W' « km '; L is the total length of SMF-1950 and PMF-1950, the value
is 11.8 m; 0 is the phase bias caused by PC. With a given G factor, variation characteristics of transmission
curve can be shifted by altering ¢. As the result that the function of NALM can be switched by adjusting

T=""=G{l—k[l4cos (k(1—G)y P,L+0)]} (D

the PC. As 0 is the certain value set by PC, the slope of the transmittance curve is positive, as shown by
the solid line in Fig.2. The low-intensity continuous wave light and the leading and trailing edges of the
pulse have a gain smaller than that of the high-intensity pulse center. After multiple round trips, a stable
mode-locked pulse is formed, so that NALM acts as a saturable absorber. In contrast, by adjusting 0 to
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make the slope of the transmittance curve negative, as shown by the dashed line in Fig. 2, the gain of low-
intensity light is greater than the gain of high-intensity light. Therefore, NALM acts as an amplitude

equalizer which can suppress mode competition for multi-wavelength operation.
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Fig.2 NALM transmission characteristics at different  values with a given G

2 Experimental results and discussion

2.1 TDFL operating at MW state
When the pump power is increased to 3.7 W and proper phase bias is chosen via adjusting PC, the MW
state is easily achieved. The output spectrum with 8 peaks wavelength is shown in Fig.3 (a). In the
experiment, the Lyot filter working as a comb filter in the cavity is here a key component for generating
MW laser '), A piece of PMF introduced into the cavity of TDFL can increase the available channels™®,
The spacing between two adjacent channels is determined by the length of the birefringent fiber'*, the
modal birefringence, and the center wavelength of the fiber laser, which can be given by the Eq. (2)
AZ
Anl
in which L is the fiber length of PMF, An is the effective refractive index difference between the two

AL = (2

orthogonal axes*. In the experiment, the experimental value of L is 5.8 m. The spacing between two
adjacent channels is calculated by Eq. (2) to be approximately 1.94 nm, which can be seen by zooming in
the modulated spectrum. Accordingly, the value of An could be calculated as 3.57 X 107" that is
approximately consisted with the parameters of PMF. In Ref. [12], Lyot filter is used as wavelength
selection component, and NPR is used as an amplitude equalizer to suppress mode competition™?,
Compared with Ref. [13], in order to realize the MW laser operation, a section of polarization maintaining
fiber is added to the NALM, and the experimental device is more concise. As can be seen from Fig. 3(a),
the MW spectrum of the experiment is significantly different from Ref. [ 6], which is the MW state of
continuous wave. The oscilloscope trace of MW state reported in this paper is in pulse train with strong
fluctuation” , indicating that the wavelength channels are not all continuous components. It is the result of
the combination of NALM mode-locking effect and the Lyot filter filtering effect.

1.0 A 1.0

0.8

0.6

0.4

Normalized spectrum

Normalized spectrum

021

1970 1980 1990 2000 2010
Wavelength/nm

(a) Spectrum with 8 laser peaks (b) Evolution of spectrum with pump power

Fig.3 Experimental output characteristics of MW spectrum
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Fig.3(b) shows the evolution of the wavelengthwith pump power while keeping PC state unchanged.
Compared with Ref.[14] there is no significant change in the number of wavelengths as the pump power
increased. It is worth noting that there is a fluctuation in the pulse wavelength as the result of inherent
characteristics of the comb-induced filter of birefringence™ . Rare-earth doped fiber with a wide range of
laser radiation wavelengths provides the basis for MW output of fiber laser'”. The double-clad TDF has a
wide emission spectrum from 1.6 to 2.2 pm'' and can withstand higher pump power, which provides a
convenient operating environment for TDFL to achieve MW output. Because the wide non-flat gain curve of
TDF, the gain values for different wavelengths are differential™*’.

The experiment finds that the flatness of the multiple wavelengths is lowered with the increase of
pump power. This may be due to the fact that the mode competition within the cavity is more intense,
resulting in poor stability. It can be known from Eq.(1) that at higher pump power, the power scope
served by the amplitude equalizer is reduced, which is not conducive to broadband MW oscillation"".
Therefore, with the increase of pump power, the stability of MW system becomes worse.

Fig.4 shows the tunability of the MW state.
By carefully adjusting the PC with the pump power
unchanged, the tuning range of the MW spectrum
is obtained between 1970 nm and 2 020 nm,
which is different from Ref.[8]. When NALM is
used as an amplitude equalizer, a small adjustment
of § will not change the NALM state by fine-tuning
the PC, but it will break the original gain and

Normalized spectrum

’Ym\ﬁb.‘“w

cavity loss to form a new balance, and changing
the wavelength range of the laser™.  The Fig.4 The tunability of MW state with different
wavelength interval without change during the states of PC

adjustment of PC. It can be known from Eq.(2), the wavelength channel spacing can be adjusted by
changing the length of the PM fibert'*,
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Fig.5 Stability of MW state in an hour
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In order to test the long-term stability of MW TDFL,MW spectrum is collected every 10 minutes in
an hour with the pump power and the state of the PC unchanged. The results are shown in Fig.5. It can be
seen from Fig.5(a), the distribution range of the spectrum has hardly changed. Fig.5(b) shows the change
in the central wavelength of the five wavelength channels in the range from 1 980 nm to 1 990 nm. The
result shows that the position of the spectrum channel changes less than 0.2 nm, indicating that the
spectrum distribution range is relatively stable. Fig. 5 (¢) shows the intensity fluctuations of five
wavelength channels. The intensity {luctuations of channel 3 and channel 4 are larger than those of channel
1, channel 2 and channel 5. Fluctuations of wavelength channel intensity can be attributed to mode
competition"'* .

For MW fiber laser, TDF is a homogeneous broadening gain medium, which results in unfavorable
mode competition. Since NALM is used as amplitude equalizer, small-intensity lasers gain more from
NALM than high-intensity lasers. With the combined effect of Lyot filter, cavity gain and loss, stable MW
laser oscillation can be formed'”. For this experiment, it can be seen from the above experimental results,
when the NALM acts as an amplitude equalizer, the distribution range of the MW spectrum is relatively
stable, but the gain of some wavelength channels is not stable enough. It may be that the SMF-1950 in the

device is relatively short™”

. At this time, the NALM-based amplitude equalizer does not work well in the
suppression mode competition® ., Therefore, the length of the SMF-1950 can be appropriately increased to
improve the stability of the MW TDFL system.
2.2 TDFL operating at DSML state

In the case of NALM acts assaturable absorber by adjusting the PC, DSML state can be achieved at
the pump power between 7.0 W and 10.5 W. The evolution of DSML state spectrum is shown in Fig.6(a),
which is measured by an optical spectrum analyzer with bandwidth resolution of 0.05 nm from 1 965 nm to
2 035 nm. The measured Full Width at Half Maximum (FWHM) is approximately 29 nm at the center

[26]

wavelength of 1 996 nm. The result shows that the spectrum shape is a bell shape"* which is similar to

relevant literatures about DS fiber laser at the 2 pm™" and 1 pm"". But there is no steep edge and cat ear
- - - - - . T 0.15 T T .
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Fig.6 Experimental results of DSML state
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125:30) | which may be mainly due to the filtering effect

sideband compared to the conventional DS spectrum
of the Lyot filter™*,

The temporal profile of the singlesoliton and the soliton pulse train (inset) are illustrated in Fig. 6(b).
The time profile of the DS soliton shows that the pulse has a steep edge at the front of the pulse, which

B The corresponding single pulse energy as high

clearly verifies the dissipative characteristic of the soliton
as 41.49 nJ is much larger than the single pulse energy of the traditional soliton mode-locked system. The
soliton pulse has a sharply rising sharp front peak and a relatively slow changing trailing edge, which more
clearly shows the h-like shapet. Another note worthy feature is that the trailing edge tow portion
expands as the pump power increases. This phenomenon is similar to the case of dissipative soliton
resonance. The flat trailing part of these time features is due to the peak-power-clamping effectt*!,
According to the Refs. [26] and [38], the soliton pulse in this experiment is not completely forced and it is
an excessive phenomenon of DS.

The autocorrelation trace of the pulse is presented in Fig. 6 (¢). The autocorrelation trace has a
FWHM of approximately 2.4 ns. According to the Time Bandwidth Product (TBP) formula-*"!, the TBP
of the DS pulse can be calculated up to 2181.5, indicating that the soliton pulse has a large chirp that is also
a characteristic of DS. The formation of DS is a natural consequence of the mutual balance of cavity gain,

[37]

loss, dispersion and nonlinearity-*’”. Especially in dissipative system, the balance of gains and losses plays

a crucial rolet",

In order to evaluate the stability of the DSML state, the RF spectrum of TDFL is measured by using
a 1 kHz resolution RF spectrum analyzer. The results are presented in Fig. 6 (d). The fundamental
frequency and Signal-to-Noise Ratio (SNR) of the DS pulse are approximately 7 MHz and 45 dB,
respectively. In addition, the inset RF spectrum with a scan range of 500 MHz shows that there are no
other frequency components except the fundamental and harmonic frequencies. Meanwhile, it can be seen
from the embedded pulse sequence in Fig. 6(b) that the pulse sequence does not fluctuate. The background
is clear and there are no random and chaotic noise pulses, which proves that the DSML state is stable"***,
The interval between adjacent pulses is 142.6 ns corresponding to the operating period of the mode-locked
pulse and the fundamental frequency of 7 MHz in the cavity.

To further demonstrate the stability of DSML state at the room temperature, the spectrum data is
collected every 10 minutes in an hour. The experimental results are shown in Fig. 7. Fig. 7(a) shows the
overall distributionof the seven spectrum remaining consistent shapes. The result shows that the spectrum
distribution is basically same, indicating that the DSML state is stable. Fig. 7 (b) is the quantitative
analysis of the fluctuation of the spectrum wavelength. The results show that there is no change in the
center wavelength and the spectrum bandwidth has a change less than 0.1 nm, which indicates that the
spectrum stability is good. The FWHM of the optical spectrum varies slightly between 29.14 nm and

29.20 nm,which may be due to the error in the measurement of the experimental instrument.
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(a) Spectrum of DSML state in an hour (b) The drifts of center wavelength (black) and FWHM (red) in an hour

Fig.7 Stability of TDFL operating at DSML state in an hour
2.3 Switching between MW state and DSML state
Fig. 8 shows the switching between MW state and DSML state of the TDFL at four different PC states
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at the same pump power of 8.0 W. The function of saturable absorber and amplitude equalizer of NALM
can be switched with the shift value of @ by adjusting the PC. As the result the switching between MW
state and DSMIL state can be achieved. It can be clearly seen that first spectrum (blue) and second
spectrum (red) are MW state, in this case, NALM is used as an amplitude equalizer. Third spectrum
(yellow) and fourth spectrum (purple) are DSML state, in this case, NALM acts as a saturable absorber.
And third spectrum (yellow) has a significant modulation phenomenon which can be attributed to the
combined effects of the Lyot filtering effect, loss and gain of the laser cavity™*"). The transmittance of the

Lyot filter in this experimental device can be expressed by the following formula™"

T=1—sin2(A"“Ljsin2<2ﬂ> (3

where T is the transmittance of the filter, An is the birefringence parameter of PMF, L is the length of
PMF, and A is the wavelength. The appropriate value of 8 can be obtained by carefully adjusting the state
of PC. The transmittance of the Lyot filter is shown as Fig. 9.
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Fig.8 Switching between MW state and DSML

o . Fig.9 Transmission spectrum of Lyot filter
state by adjusting the PC

According to Fig.9, 8 is taken four different values of n/32, n/16, n/8, and =n/4, respectively. When
the value of f3 is relatively big, the extinction of the Lyot filter is relatively high, that is, the modulation
depth of Lyot is higher™™. In this case, the laser experiences different losses at different wavelengths when
propagating in the PMF, and the gain bandwidth filtering effect is not obvious compared with the optical
fiber birefringence filtering effect'””), Correspondingly, when the value of B is gradually reduced by
adjusting PC, the extinction ratio of the Lyot filter is gradually reduced, the modulation depth of the Lyot
filter is weakened, and the laser propagating in the PMF has a small loss at different wavelengths. At this
time, the gain bandwidth filtering effect is stronger than that of the PMF'!, The significant modulation
phenomenon of third spectrum (yellow) shows that although the effect of fiber birefringence filtering is not

obvious in this case and it does not completely disappear.

3 Conclusion

In summary, based on the combination of NALM and Lyot filter, we achieve a state-switchable
thulium-doped fiber laser. By adjusting the PC and the pump power, two different operating states are
obtained: MW and DSML. At the pump power between 3.7 W and 7.0 W, TDFL can operate at MW state
with 8 wavelength peaks and the peak-to-peak filtering bandwidth about 1.94 nm. With the pump power of
7.0 W to 10.5 W, the TDFL can operate stably at DSML state with highly energy pulse of 49 n] at the
repetition rate of 7 MHz. By adjusting PC, the switching between MW and DSML is realized, and the
reason for the switching also has been explained.
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