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Abstract: We demonstrate a compact wavelength-tunable and -switchable mode-locked
Yb-doped fiber (YDF) laser based on single-walled carbon nanotube (SWCNT) wall paper
absorber. Two mechanisms coexist in the fiber cavity. The switchable mode-locked state
can be obtained between two wavelengths depending on the fiber-loop-induced cavity bi-
refringence. Because of the intensity-dependent transmission distribution, the proposed fiber
laser can be operated in the tunable wavelength mode-locked state from 1025 to 1037 nm.
The spectral bandwidth varied from 1.1 to 2.4 nm depending on the operating wavelength
and the pump power with pulse duration of hundreds of picoseconds. The average
wavelength spacing is 3.6 nm, which can be changed, corresponding to the birefringence of
the fiber cavity. Moreover, stable wavelength-tunable mode locking is obtained at room
temperature.

Index Terms: Fiber lasers, mode-locked lasers, tunable lasers, carbon nanotubes and
confined systems.

1. Introduction

Wavelength-tunable and wavelength-switchable mode-locked fiber lasers have potential applica-
tions in wavelength-division-multiplexed (WDM) communication systems, fiber sensing, optical
signal processing, spectroscopy, and biomedical researches and are being studied intensively.
Various methods have been utilized to achieve tunable and switchable wavelength mode-locked
fiber lasers [1]-[12]. Nonlinear polarization rotation (NPR) techniques have been utilized to achieve
tunable multiwavelength operation in fiber ring cavities [3], [4]. Optical filters utilized to achieve
tunable mode locking in a fiber laser have been demonstrated [7]. It has also been reported
that tunable wavelength mode-locked fiber lasers can be realized based on a nonlinear optical loop
mirror (NOLM) or on polarization-maintaining fiber (PMF) [5], [8], [10]. In addition, wavelength-tunable
mode-locked lasers can be obtained with the active mode-locked technique, which is generally
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Fig. 1. (a) Left: Polystyrene cell for the growth of absorber. Right: SWCNT/PVA dispersion. The wall
paper absorber with different density of SWCNT is in the middle. (b) Linear transmission curves of PVA
wall paper and SWCNT/PVA wall paper absorber.

realized by inserting an electrooptic modulator in the laser cavity. However, the actively mode-locked
lasers are bulky, expensive and have the drawbacks of weak peak power because of the modulatorin
the cavity.

Recently, single-walled carbon nanotubes (SWCNTs) with uniformly distributed diameters and
chiralities as well as other novel saturable absorbers have broadband saturable absorption and can
be used to achieve mode locking in a wide tunable wavelength range [13]-[17]. Usually, the tunable
mode locking can be achieved together with other additional components (such as tunable filter,
PMF, attenuator or fiber gratings), which destroy the simple and compact structure of the fiber laser.
Is it possible to use other mechanism to obtain the wavelength-switchable and wavelength-tunable
mode locking while keeping the compact structure of the fiber cavity?

In this paper, the switchable and tunable wavelength mode-locked Yb-doped fiber (YDF) laser is
demonstrated based on SWCNT wall paper absorber. Two mechanisms are responsible for the
realization of switchable and tunable mode locking. One is the fiber cavity birefringence; the other is
the intensity-dependent transmission distribution. Because of the cavity birefringence, a switchable
wavelength mode-locked fiber laser is obtained. A tunable wavelength can be achieved by varying
the pump power. With the two mechanisms in the cavity, the proposed fiber laser can be mode-
locked over a wavelength range from 1025 to 1037 nm with a spacing of about 3.6 nm. Moreover,
stable wavelength-tunable mode locking is thus obtained at room temperature.

2. Experimental Setup

The SWCNTs used in this experiment were grown by electric arc discharge technique. The mean
diameter of the SWCNTSs is about 1.5 nm. First, several milligrams of SWCNT powder were poured
into 10 ml 0.1% sodium dodecyl sulfate (SDS) aqueous solution. Here, SDS was used as a
surfactant. In order to obtain SWCNT aqueous dispersion with high absorption, SWCNT aqueous
solution was ultrasonically agitated for 10 h. After the ultrasonic process, the dispersed solution of
SWCNT was centrifuged to induce sedimentation of large SWCNT bundles. After decanting the
upper portion of the centrifuged solution, some PVA powder was poured into the solution and
dissolved at 90 °C with ultrasonic agitation for 3 h. Then, the SWCNT/PVA dispersion was diluted
and poured into a polystyrene cell, as shown in Fig. 1(a). Finally, we put these cells in an oven for
evaporation. The temperature of the oven was kept at 40 °C or 45 °C. It took about one or two days
for complete evaporation. When the evaporation was finished, the wall and the bottom of the cell
were coated with a thin plastic film. The PVA aqueous solution has strong viscosity to the
polystyrene cell so that it adheres to the wall of the cell. When the cell was dry, the PVA film lost the
viscosity to the cell. Therefore, we can strip the PVA film cell off the polystyrene cell easily with
tweezers. The SWCNTs were carried by PVA to the surface of the wall and the bottom of the
polystyrene cell during the evaporation process. The SWCNT/PVA film on the wall of the cell had
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Fig. 2. Transmission of wall paper absorber with the increase of pump fluence; inset is the recovery time
of the absorber.
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Fig. 3. Schematic of the mode-locked fiber laser based on SWCNT wall paper absorber.
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higher quality than that on the bottom; therefore, we can use the former as absorber for mode
locking, and hereafter, we call it the “SWCNT wall paper absorber” [18]. The procedure to fabricate
the wall paper absorber is very simple. In practice, we cut off the wall paper absorber cell into many
pieces for use in mode locking.

An UV-Visible—NIR spectrophotometer was employed to measure the linear optical transmission
of the PVA wall paper and SWCNT/PVA wall paper absorber, as shown in Fig. 1(b). (The PVA wall
paper is fabricated by PVA solution and not the SWCNT/PVA composite dispersion.)

Fig. 2 shows the transmission of the wall paper absorber with the increase of pump fluence
measured in a Spectra-Physics ultrafast laser system. We measured the modulation depth of the
SWCNT absorber at 1060 nm. The modulation depth of the absorber is about 6%, and the saturable
pump fluence is about 30 pJ/cm?. The inset in Fig. 2 shows the ultrafast transient absorption trace.
It reveals an instantaneous rise followed by an exponential decay with a time constant of 500 fs.
The result shows that as-fabricated SWCNT absorber has a very short recovery time, which is
sufficient for the ultrafast laser.

The center wavelength of emission peak for the YDF is about 1030 nm. As a result, through
utilizing the emission peak and the SWCNT wall paper absorber, mode locking around 1030 nm
was obtained. Fig. 3 shows the schematic diagram of the proposed fiber lasers based on the
SWCNT wall paper absorber in the cavity. A 0.3-m-long YDF with absorption coefficient of
1000 dB/m at 976 nm is used as the gain medium. In order to get mode locking solely with the
SWCNT wall paper absorber and force the laser to propagate unidirectionally in the cavity, a
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polarization-independent isolator (PI-ISO) is used in the cavity. A polarization controller (PC) is
mounted on the passive fiber to achieve different polarization orientation states in the cavity. A
10 : 90 optical coupler (OC) is used to output the signal. The other fiber in the cavity together with
the pigtail of the passive components is HI-1060 fiber, and the total cavity length is 21.46 m. The
dispersion of YDF is —38 ps/nm/km at 1030 nm, and the HI-1060 fiber is about —43 ps/nm/km at
1030 nm. As a result, the total dispersion of the cavity is about 0.549 ps?. The fabricated SWCNT
wall paper absorber is inserted in the cavity through transferring a piece of free standing wall paper,
which is cut into 1 x 1 mm pieces, onto the end facet of a fiber pigtail via the Van der Walls force.
Since the fibers in the cavity all exhibit normal dispersion, switchable and tunable dissipative
solitons can be obtained. The proposed fiber laser is pumped by a 976-nm laser diode (LD).

We intentionally introduced strong cavity birefringence into the laser cavity through over bending
the HI-1060 fibers into a loop on a spool that the birefringence induced filtering effect of the cavity
becomes ignorable no longer. As a result, by changing the orientation of PC in the cavity, the
effective gain peak of the laser can be shifted, which eventually leads to wavelength-switchable
and wavelength-tunable mode-locked states. On the other hand, thanks to the wide broadband
saturable absorption of the SWCNT wall paper, we can change the pump power to provide different
intracavity loss-and-gain distributions, which results in the changes of the inversion condition of the
YDF. The varied loss-and-gain distribution, together with the birefringence induced filtering effect,
can make the tunable-center wavelength mode locking possible.

The spectra are monitored by an optical spectra analyzer (OSA, Yokogawa AQ-6370), and
mode-locked pulse trains are detected with a 6-GHz digital storage oscilloscope (DSO), together
with an 11-GHz photodetector (PD).

3. Experimental Results and Discussions

Switchable wavelength mode locking can be realized by varying the polarization orientation of the
PC. For one polarization states, continuous wavelength (CW) emission at a center wavelength of
1037 nm can be obtained when the pump power is above 35 mW. Some periodical spectral intensity
modulations appear on the spectrum, which means that it is possible to achieve mode locking at
these wavelength regions. Self-starting mode locking at the center wavelength of 1037 nm can be
achieved when the pump power is above 54 mW. By carefully changing the orientations of the
PC, the spectral peak of 1034 nm becomes high, and the mode locking can be shifted at this
wavelength. When the PC is tuned back to the former orientation state, the mode locking at 1037 nm
can be obtained again. As a result, the switchable mode locking between 1033 nm and 1037 nm is
realized. Dissipative solitons with steep spectral edges are always generated in the all-normal-
dispersion regime [19], [20]. Fig. 4(a) shows the spectra for a pump power of 70 mW in two
polarization orientation states. The spectral widths are 2.11 nm at 1033.53 nm and 1.82 nm at
1036.89 nm. The corresponding pulse durations are 237 ps (at 1033 nm) and 300 ps (at 1037 nm),
as shown in Fig. 4(b). The time-bandwidth products are 140.44 and 152.35, respectively, indicating
that the pulses have large chirps in the cavity. Fig. 4(c) shows the oscilloscope trace at 1036.89 nm,
and the corresponding radio frequency (RF) spectrum is shown in Fig. 2(d) with a span range of
250 MHz. The inset of Fig. 4(d) corresponds to the fundamental frequency with a signal-to-noise
ratio of high than 70 dB. It is clear that the repetition rate of the pulse train is ~9.44 MHz,
corresponding to the cavity round-trip time. As a result, the average output power is about 1.1 mW,
corresponding to the pulse energy of about 116.4 pJ.

When pump power is high, mode locking shifts to short wavelength. In this case, different po-
larization will lead to the switchable wavelength operating in another two center wavelengths (such
as the switchable wavelength between 1033.7 and 1029.7 nm or 1029.7 and 1025.7 nm).

On the other hand, we fix the polarization orientation in the case of mode locking at 1033 nm. The
spectral width becomes large with the increase of pump power. Fig. 5(a) shows the spectral profiles
when the pump powers increase from 54 mW to 70 mW. The inset of the figure shows the spectra
on a linear scale. The spectral widths increase from 1.36 nm to 2.11 nm. The pulse durations
decrease from 304 ps to 237 ps, as shown in Fig 5(c). For the case of mode locking at 1037 nm, the
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Fig. 4. Switchable wavelength state of the proposed fiber laser in different polarization orientations,
(a) the spectra at 1034 nm and 1037 nm, respectively, (b) corresponding pulse width, (c) mode locking
pulse train at 1036.89 nm, and (d) corresponding RF spectrum with the inset of the fundamental
frequency signal.

a g b = = 0.03 Increasing

s 56 ( )//?/E'ZWQR‘\\ %0_02 jan| :SUC;e;Slng | . ( ) //ﬂf‘\::\\%, ™\ pump power | |
£ I W= | | pover 3 I Wl So02| | \
g ”r ‘}‘1"3001 i g il |2 !
z e o ill I z i | € 0.01 !
> 30 th‘ l\r% ‘/‘Jf \ul\ > 30r ‘M “% j’/{
D Il = ) Al ‘@ i W_
= I 0 1032 1033 1034 1035 103§ s I i 1035 1036 1067 1038 1039
() I | () i 1
E o ! Wavelength (nm) A ‘ Wavelength (nm)
- ,ﬂ \{ = - W

50 ) \_ﬁt 50k . L e i S

1032 1034 1036 1038 1040 1036 1038 1040 1042

Wavelength (nm) Wavelength (nm)

11 (c) 1 !
g ost ,5 0.8
~ ©
086 5 06
i =
f= L 2 04
g 0.4 §
~ o2t £ 02

Q v - - ; 0 L - . -

-600 -400 -200 0 200 400 600 -600 -400 -200 0 200 400 600

Delay time (ps) Delay time (ps)

Fig. 5. Evolution of spectra with the increase of the pump powers from 54 mW to 70 mW at 1033 nm
band and 1037 nm band, respectively. (a) The evolution of spectra on a log scale. (Inset) Profiles on a
linear scale at 1033-nm band. (c) The corresponding waveforms for pump powers of 54 and 70 mW.
(b) The evolution of spectra at 1037-nm band. (d) Corresponding waveforms under the pump power
of 54 mW and 70 mW.

spectral width can also becomes large with the increase of the pump power, as shown in Fig. 5(b).
The spectral widths vary from 1.14 nm to 1.82 nm, and the corresponding pulse widths change from
346 ps to 300 ps, as shown in Fig. 5(d). In general, the average chirps in the long wavelength are
larger than the one in the short wavelength. The intensity in the center wavelength is lower than
both sides for the 1033-nm band, while it is higher than both sides for the 1037-nm band. We
attribute it to the fact that different effective filtering bandwidths result in different mode-locked
states. In addition, the center wavelength shifts slightly toward the short wavelength side when the
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pump power increases. The spectral width in the short wavelength is larger than the one in the long
wavelength regimes in our experiment. The saturable absorber may play an important role. The
SWCNT wall papers in different wavelengths have different saturable-absorption characteristics.
Therefore, the pulse width in longer wavelength is larger than the one in short wavelength in our
experiment.

As indicated by our experimental results, the tunable wavelength mode-locked fiber laser can be
simply realized by increasing the pump powers. As we fix the polarization orientation to the case of
1037-nm band and increase the pump power, CW emission at 1037 nm is observed first, and then,
mode locking is achieved when the pump power increases. With the further increase of the pump
power and, thus, the variation of the gain and loss distributions, CW emission at short wavelengths
become stronger, and then, mode locked states are obtained in the corresponding wavelength
region. Fig. 6(a) shows the spectra of mode locking at different pump powers. Self-started stable
mode locking states are obtained at 1037, 1034, 1030, and 1026 nm bands corresponding to pump
powers of 54, 87, 118, and 134 mW, respectively. In each mode-locked channel, the spectral width
becomes large when the pump power increases. The average spacing wavelength of the laser is
3.6 nm and can be slightly changed at different pump power and polarization state. A pulse width
of 220 ps corresponding to the widest spectra with a center wavelength of 1029.7 nm is obtained,
as shown in Fig. 6(b). The spectral bandwidth and the pulse duration variations are further shown in
Fig. 6(c). The spectral bandwidth varied from 1.14 nm to 2.42 nm, and the corresponding pulse
width changed from 220 to 360 ps. The wavelength regimes of the mode locking versus of the pump
power are shown in Fig. 6(d). Because of the birefringence of the fiber, the center wavelength can
be separated. In each regime, the wavelength also varied slightly with the increase of the pump
power. In addition, by controlling the polarization orientation of the cavity, the switchable mode
locking can also be realized in the cavity between two wavelengths. When the pump power is
further increased, the SWCNT wall paper is likely to be damaged. Typically, when the pump power
reaches 140 mW, the wall paper is damaged, and the fiber laser loses mode locking.

The proposed wavelength-tunable mode-locked fiber laser exhibits an excellent stability at room
temperature. Mode locking around 1033 nm is measured as shown in Fig. 7. The spectra are
repeatedly detected 20 times at an interval of 10 min. No significant wavelength shift or peak power
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Fig. 7. Stability of the wavelength-tunable mode-locked fiber laser based on SWCNT wall paper.

fluctuation is observed. The mode locking at other wavelength also exhibits similar characteristics,
indicating that the proposed fiber laser is stable at room temperature.

The switchable and tunable mode locking can be explained by two mechanisms coexisting in the
fiber cavity. First, due to the birefringence of the fiber, changing the bias of the PC can lead to
different birefringence of the cavity. Thus different transmission distribution of spectrum can be
obtained. When the pump power is above the mode-locked threshold, the switchable mode locking
can be obtained. The relationship between the separation of the spectral peaks and the bire-
fringence of the cavity can be expressed as [21]

)\2
" BL

where X is the center wavelength of the laser, B is the birefringence of the cavity, and L is the length
of the cavity. The effective birefringence of the fiber is about 105, and therefore, the wavelength
separation is calculated as being about 4.9 nm. Considering the fiber is bended into a loop, the
actually birefringence is a little higher, and therefore, the wavelength spacing is smaller than the
calculated one.

Second, increasing the pump power can lead to the variation of the gain-and-loss distribution,
which makes the peak of the spectral modulation shift to other wavelength. When the intensity is
above the corresponding threshold, mode locking can be obtained. Thanks to the broadband
saturable absorption of the SWCNT wall paper absorber together with the variation of the transmis-
sion, the tunable wavelength fiber laser can be achieved.

The intensity-dependent transmission change is due to variation of the inversion condition of
YDF. Different pump powers lead to different gain and loss distribution, which ultimately affects the
cavity transmission.

Because no additional filter or other wavelength-control components are used in the cavity, the
proposed fiber laser automatically operates in the 1030-nm regimes. Furthermore, the SWCNT wall
paper has a damage threshold. When the pump power is above the threshold, the proposed fiber
laser loses mode locking and cannot be tuned any longer. The characteristics of the wall paper itself
also effect the tuning range of the mode locking. Because of these factors in the cavity, the tuning
range is limited.

A (1)

4. Conclusion

A wavelength-switchable and wavelength-tunable mode-locked YDF laser based on the SWCNT
wall paper absorber is demonstrated. Benefiting from the broad saturable absorption of the SWCNT
wall paper absorber, switchable mode locking is realized by changing the cavity birefringence.
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Moreover, the birefringence is enhanced by bending a piece of fiber into a loop. Tunable mode
locking is realized by increasing the pump power, which causes the variation of intensity-dependent
transmission. The experimental results show that the proposed fiber laser operates stably at room
temperature. Furthermore, a wider wavelength tuning range is expected to be obtained by
optimizing the fiber cavity in the future.
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