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Abstract: In this paper, we have demonstrated a dispersion-managed, high-power, Tm-Ho co-doped
ultrashort pulse fiber laser using a single walled carbon nanotube (SWNT) dispersed in polyimide
film. An in-line type spectral filter was developed to control the output pulse spectra. Two SWNT
films with different modulation depths were examined as a mode-locker. Normal dispersion fiber
was used in the fiber laser oscillator, and dependence on net cavity dispersion was investigated.
Passive mode-locking was achieved in a wide dispersion range, from —0.319 to +0.101 psZ. Stable
soliton mode-locking operation and dissipative soliton mode-locking operations were observed.
The pumping efficiency was ~3 times higher than that in a Tm-doped fiber laser with a similar
configuration. The developed fiber laser showed self-start and stable operations, and this laser is
useful for practical applications.

Keywords: fiber laser; ultrashort pulse; carbon nanotube

1. Introduction

The wavelength range around 2 pm is important for environmental spectroscopy,
laser processing, biomedical imaging and medicine, laser imaging detection and ranging
(LIDAR), etc. Thulium (Tm)-doped and thulium-holmium (Tm-Ho) co-doped fiber lasers
are useful and promising laser sources at this wavelength range. Passively mode-locked
ultrashort pulse fiber lasers have been demonstrated, using nonlinear polarization rotation
(NPR) and a semiconductor saturable absorber mirror (SESAM) [1-5]. Since there are water
vapor absorptions in this wavelength range, an all-fiber configuration is preferred to realize
stable operation. Using nano-carbon materials, an all-fiber type ultrashort pulse fiber laser
can easily be demonstrated.

The first demonstration of a Tm-doped fiber laser using a single walled carbon nan-
otube (SWNT) film was reported in 2008 [6]. Then, a dispersion management and wave-
length tuning operation were reported by some groups [7-11]. Passively mode-locked
ultrashort pulse Tm-doped fiber lasers using graphene devices in a similar manner have
also been demonstrated [12-14].

In our previous work, we demonstrated that ultrashort Tm-doped fiber laser using
SWNT dispersed in polyimide film [15]. SWNTs with an almost constant diameter of
1.6 nm were synthesized with the enhanced direct injection pyrolytic synthesis (e-DIPs)
method, and thin polyimide film devices dispersed with SWNT were developed as the
saturable absorber [16]. Stable soliton mode-locking, and high-power dissipative soliton
mode-locking operation were achieved successfully.

One of the problems with the Tm-doped fiber laser is its low pumping efficiency. In our
previous work using the Tm-doped fiber, the pumping efficiency from the pump laser to
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fiber laser output was ~5%, and this requires improvement. The Tm-Ho co-doped fiber has
wide-gain bandwidth and, thanks to the co-doping, high pumping efficiency is expected.
So far, although there have been a few reports about a Tm-Ho co-doped fiber laser, power
scaling, ultrashort pulse generation, and wavelength control are still desired [5,17-19].

In this work, we demonstrated a dispersion-manage, Tm-Ho co-doped ultrashort
pulse fiber laser using SWNT polyimide film. In terms of its applications for biomedical
imaging, control of the oscillation wavelength is required in order to achieve high gain
in the following Tm-doped fiber amplifier [20]. In this work, an in-line tunable spectral
filter was developed and applied for spectral control. The spectral filter is effective in
suppressing the accompanying sidebands in a mode-locked pulse. It is also effective
in achieving stable passive mode-locking. Two SWNT polyimide films with different
absorption and modulation depths were examined as the mode-locker. The net cavity
dispersion was varied from negative to positive, and the characteristics of output pulses
were precisely investigated.

2. Experimental Method and Results

Figure 1 shows the configuration of the developed Tm-Ho co-doped ultrashort pulse
fiber laser. A 1.4 m piece of Tm-Ho co-doped fiber (THDF) (TH-1100, Neufern, East Granby,
CT, USA) was used as the gain fiber. The output of a single mode laser diode (TH1550,
Thorlabs, Newton, MA, USA) was amplified with a double clad Erbium (Er)-Ytterbium
(Yb) co-doped fiber amplifier (FA-33, PriTel, Naperville, IL, USA), and introduced into
the THDF through a wavelength division multiplexed (WDM) coupler. As a mode-locker,
we used polyimide film dispersed with SWNT [15]. SWNTs with an almost constant
diameter of around 1.6 nm were selectively synthesized by the e-DIPS method [16]. The
thicknesses of the films were 35-45 um. They showed a strong absorption peak around
1.9 pm. In this work, we used two kinds of polyimide films, film A and film B, with different
magnitudes of absorption. The modulation depths were 12.3% and 20.5% for films A and B,
respectively [15]. The characteristics of the two films are summarized in Table 1.
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Figure 1. Configuration of Tm-Ho co-doped ultrashort pulse fiber laser using SWNT and in-line
spectral filter.

Table 1. Characteristics of film A and film B [15].

Thickness Density of SWNT Modulation Non-Saturable Saturation Power

(um) (wt%) Depth (%) Absorption Ratio (%) Fluence (MW/cm?)
Film A 37-47 0.05 12.3 274 710
Film B 40-45 ~0.08 20.5 344 620
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The fiber laser cavity consisted of single mode fiber devices. Two optical isolators
were used to realize the one way operation and to protect the SWNT polyimide film. A
75:25 coupler was used as the output coupler. An additional WDM coupler was used to
remove the residual pump beam.

In order to realize the oscillation wavelength control without any spatial device, we
developed an in-line wavelength tunable spectral filter. Figure 2 shows the configuration
of the wavelength tunable spectral filter. It consisted of two polarizers, polarization main-
taining fibers (PMFs), and single mode fiber (SMF) with a polarization controller (PC).
The configuration is similar to that developed for a Yb-doped fiber laser in [21]. In this
work, we applied a stress-applying type PC to realize the tunable operation. The FC/APC
connectors were spliced at the ends of the filter, and easily inserted into the fiber laser
cavity. An additional PC was used to control the optical loss at the first polarizer in the
spectral filter.

Polarization
PMF1 controller PMF2
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Figure 2. Configuration of wavelength tunable spectral filter based on birefringent fibers.

Polarizer 1 was spliced with PMF1, which was inclined by 45 degrees. For the output
port, polarizer 2 was spliced with PMF2 which was also inclined by 45 degrees. A SMF
with PC was inserted in between the PMF1 and PMF2. By the operation of the PC, we can
demonstrate the bandwidth and wavelength tunable operation [21].

Figure 3 shows the wavelength dependence of the developed spectral filter. In this
work, the lengths of PMF1, SMF, and PMF2 were 10 cm, 14.5 cm, and 7 c¢m, respectively.
A wideband supercontinuum and optical spectrum analyzer were used for this measure-
ment [22]. The transmission spectra were obtained by dividing the observed output spectra
by the observed input spectra. The numerical results were analyzed using the Jones matrix.
As shown in Figure 3a, the numerically obtained transmission spectra showed similar
periodical behavior to the experimentally observed ones. The numerical and experimental
transmission bandwidths were 29.5 nm and 23 nm, respectively. It was considered that
the discrepancy between experimental and numerical spectra was mainly caused by the
variation of parameters in the fiber devices. In the experiment, when the magnitude of
applied stress was controlled in the PC, the transmission spectra were shifted continuously
by the combination of polarization change and birefringence in PMFs, and the wavelength
tunable operation was achieved, as shown in Figure 3b. A continuous wavelength tuning
of 15 nm was observed. During the wavelength tuning operation, the peak—peak contrast
changes as well, owing to the effect of birefringence and polarization control. The sharp
dips were caused by the effect of water absorption in air.

In this work, in order to examine the dependence on net cavity dispersion, an ultrahigh
numerical aperture fiber (UHNA4) which has strong normal dispersion property was used
to vary the net cavity dispersion. The total dispersion was varied from negative to strong
positive by changing the length of the UHNA4 between 0 and 4.8 m, and the mode-locking
properties were examined. The corresponding repetition rate was 36.3-19.4 MHz. In order
to examine the role and effectiveness of the spectral filter, a SMF with the same length of
the birefringent spectral filter was used to keep the magnitude of the net cavity dispersion
and repetition rate.
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Figure 3. Wavelength dependence of developed tunable filter, (a) comparison of numerical and
experimental transmission spectra, and (b) variation of transmitted spectra during the wavelength
tuning operation.

Figure 4a,b show the variation of optical spectra when film A was used. The magni-
tude of net cavity dispersion was changed from —0.319 ps? to 0.1010 ps?. Mode-locking
was obtained in these wide dispersion conditions without the spectral filter. When the
developed filter was applied, a wavelength tuning operation was achieved in an anoma-
lous dispersion region. Since there was a limitation of bandwidth by the spectral filter,
mode-locking was not obtained around the zero-dispersion region.

Figure 4c,d show the variation of optical spectra when film B was used. Here, the mode-
locking operation was confirmed for net cavity dispersion from —0.319 ps? to 0.1010 ps?.
Stable mode-locking was obtained in this wide dispersion range. Since the magnitude
of absorption was larger in film B compared to film A, film B was useful to suppress the
additional cw oscillation. A wavelength tunable operation was obtained in the anomalous
dispersion region.

Compared with the previous work that used a Tm-doped fiber, the same output
power was obtained with much lower pump power [15]. The estimated pumping efficiency
was improved by ~3 times, compared to that of a Tm-doped fiber laser using the same
SWNT film.

Next, we discuss the dependence on net-cavity dispersion.

2.1. Anomalous Dispersion Region

First, we focus on the anomalous dispersion region. When the net cavity dispersion D
was between —0.319 and —0.0197 ps?, stable soliton mode-locking was achieved. When
the spectral filter was not used, sech? shaped pulse spectra with strong Kelly sidebands,
which are characteristics of a soliton mode-locked pulse, were generated stably. Since
the chromatic dispersion of SMF was large and negative at this wavelength range, the
magnitudes of Kelly sidebands were large, compared to conventional Er and Yb-doped
fiber lasers. The spectral width was increased as the net cavity dispersion was close to zero.
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Figure 4. Variation of optical spectra at fiber laser output when net dispersion was varied. (a,b) film
A was used and spectral filter was (a) not used and (b) used. (c,d) film B was used and spectral filter
was (c) not used and (d) used.
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When the spectral filter was used, passive mode-locking was achieved for the dis-
persion of —0.319 to —0.0197 ps?. For D = —0.319 and —0.144 ps?, sech? shaped pulses
were obtained stably. Particularly when D = —0.144 ps?, the properties of the spectral
filter fitted the laser performance well. A sech? shaped pulse with 7.2 nm spectral width
and suppressed Kelly sidebands were obtained stably. It is interesting to note that, as
shown by the blue and red curves in Figure 4, there were conditions in which mode-locking
was obtained at two different center wavelengths. When D = —0.319 ps?, a continuous
wavelength tuning operation was achieved by the control of the PC in the spectral filter. As
shown by the green arrows in Figure 4b,d, the magnitudes of the tuning range were 5 to
16 nm. In addition, the switching of the center wavelength of the mode-locked pulse, which
is shown in the blue and red curves, was demonstrated by the operation of the PC before
the spectral filter. The shortest center wavelength was 1840 nm, which is useful to generate
a high power soliton pulse at the 2.0 um range using a Tm-doped fiber amplifier [20]. For
D = —0.05 and —0.0197 ps?, narrow spectra of 2.8-2.9 nm were observed. It was considered
that these narrow spectra were due to the bandwidth limit of the spectral filter.

Figure 5 show the representative characteristics of output pulses for the net anomalous
dispersion region when the spectral filter was not used. Here, the net cavity dispersion
D = —0.144 ps®. A sech? shaped pulse with intense Kelly sidebands is shown in Figure 5a.
Here, the spectral width was 7.1 nm at full-width half-maximum (FWHM). A clean autocor-
relation trace without pedestal component is shown in Figure 5b. The temporal width was
999 fs, and the corresponding pulse width was 648 fs under the assumption of the sech?
shaped pulse. The estimated time bandwidth product was 0.387, which was close to that of
the Fourier transform limited sech? shaped pulse. In the radio frequency (RF) domain, clean
RF spectra were observed. For the fundamental frequency shown in Figure 5d, the observed
signal-to-noise ratio (SNR) was about 70 dB, and a low noise property was confirmed. In
the RF spectra in the wide range shown in Figure 5e, clean RF spectra with almost constant
intensity were observed up to 2 GHz, and stable mode-locking was confirmed.
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Figure 5. Characteristics of output pulses when D = —0.144 ps? and spectral filter was not used,

(a) optical spectra, (b) autocorrelation trace, (c) pulse train, (d,e) RF spectra of (d) fundamental
frequency and (e) wide range.
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Figure 6 shows the characteristics of output pulses when D = —0.144 ps? and the
spectral filter was used. Here the magnitudes of Kelly sidebands were suppressed well,
and cleaner optical spectra are shown in Figure 6a. The observed spectral width was 5.8 nm
at FWHM. The temporal width of the autocorrelation trace is 1016 fs in Figure 6b, and the
corresponding pulse width is 659 fs, under the assumption of a sech? shaped pulse. The
time bandwidth product was 0.319. In the RF domain, the observed SNR was 70 dB in
Figure 6d, and stable mode-locking is confirmed in Figure 6e.
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Figure 6. Characteristics of output pulses when D = —0.144 ps® and spectral filter was used, (a) optical
spectra, (b) autocorrelation trace, (c) pulse train, (d,e) RF spectra of (d) fundamental frequency and
(e) wide range.

2.2. Around Zero Dispersion Region

Next, we discuss the dispersion region close to zero, where the net cavity dispersion D
was from —0.0023 to +0.0328 ps?. When film A was used and the spectral filter was not
used, passive mode-locking was obtained within the +0.0065 to +0.0328 ps? range. In the
range from +0.0065 to 0.024 ps?, smooth and mono-peak spectra without sidebands were
observed. The spectral width was 8.4 to 11.6 nm. When D = +0.0328 ps?, a dissipative
soliton pulse with steep edges was observed. The spectral width was as wide as 29.8 nm.
When D = —0.0023 ps?, stable mode-locking was not obtained.

Figure 7 shows the characteristics of output pulses when D = +0.0153 ps?. Mono-peak
spectra without Kelly sidebands were observed stably, as shown in Figure 7a. The sharp
spectral peaks were caused by the water vapor absorption. For the auto-correlation trace,
the temporal width was 882 fs, as shown in Figure 7b, and the corresponding pulse width
was 570 fs, under the assumption of a sech? shaped pulse. In the RF spectra, the SNR was
more than 70 dB, as shown in Figure 7d, and good mode-locking was obtained.

When the spectral filter and film A were used, as shown in Figure 4, stable mode-
locking was not obtained in this dispersion condition. Here, we discuss the physical
background for these results. Around the zero-dispersion region, stretched pulse mode-
locking is the dominant mode-locking operation. In this operation, the spectral width of a
mode-locked pulse becomes wider through the accompanying nonlinear effect. In order
to sustain the broad pulse spectra, the wider bandwidth of a spectral filter is required
for the generation of such pulses. In addition, previous studies have shown that a large



Appl. Sci. 2022,12, 12369

8of 12

Signal intensity (mV)

modulation depth is required to obtain a stretched pulse mode-locking operation [23]. Since
the modulation depth of film A was smaller than that of film B, it was difficult to obtain
passive mode-locking when film A and the spectral filter were used.
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Figure 7. Characteristics of output pulses when D = +0.0153 ps? and spectral filter was not used,
(a) optical spectra, (b) autocorrelation trace, (c) pulse train, (d,e) RF spectra of (d) fundamental
frequency and (e) wide range.

Next, we focus on the condition in which film B was used and D ranged from —0.0023
to +0.0328 ps?. Thanks to the large modulation depth in film B, stable mode-locking was
achieved for these wider conditions, regardless of the usage of the spectral filter, as shown
in Figure 4. The output power was lower than that obtained with film A.

2.3. Normal Dispersion Region

Next, we discuss the characteristics in the large normal dispersion region, where the
net cavity dispersion D ranged from +0.0415 to +0.1010 ps®>. When film A was used and
the spectral filter was not used, dissipative soliton mode-locking was obtained, and pulse
spectra with steep edges were observed, as shown in Figure 4a. The spectral width was
at its widest in this condition. The operation was a little unstable for D = +0.0415 and
+0.0503 ps?. When the spectral filter was used, stable mode-locking was obtained in these
two dispersion conditions. The highest output power of 75.7 mW was obtained with the
spectral filter when D = +0.0503 ps?>. When film B was used, passive mode-locking was not
obtained in this dispersion region.

Figure 8 shows the representative characteristics of output pulses for this large normal
dispersion condition. Here, the net cavity dispersion was +0.0503 ps?>. When the filter
was not used, the spectral width was 24.4 nm, and a long-term stable operation was
not obtained.
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Figure 8. Characteristics of output pulses when D = +0.0503 ps? and spectral filter was not used,
(a) optical spectra, (b) autocorrelation trace, (c) pulse train, (d,e) RF spectra of (d) fundamental
frequency and (e) wide range.

Figure 9 shows the characteristics of output pulses when the spectral filter was used.
In this case, stable mode-locking was obtained, and the highest output power of ~80 mW
was achieved. In the RF spectra, the SNR was about 80 dB, as shown in Figure 9d. The
temporal width of the autocorrelation trace was 5.4 ps, as shown in Figure 9b, and the
corresponding pulse width was 3.5 ps, under the assumption of a sech? shaped pulse. The
spectral filter was effective in obtaining a stable mode-locking operation in this condition.

2.4. Overall Net Cavity Dispersion Dependence

Figure 10 shows the overall characteristics of the developed fiber laser output as a
function of net cavity dispersion D. The green area shows the condition in which mode-
locking was obtained only when the spectral filter was not used. The orange area shows
the condition in which mode-locking was not obtained. Almost transform-limited short
soliton pulses were obtained in the anomalous dispersion region for both film A and B. It
is interesting to note that the output power was larger when the spectral filter was used.
Around the zero-dispersion region, stable mode-locking was obtained when film B was
used. In the normal dispersion region, dissipative soliton pulses with high output power
and a broad spectral width were obtained. The highest output power, up to about 80 mW,
was achieved in the strong normal dispersion region when the spectral filter was used.
Mode-locking was not obtained for film B. The observed behaviors were similar to those
shown in Figure 9 in [15] for a Tm-doped fiber laser. As mentioned before, the pumping
efficiency was ~3 times larger for the Tm-Ho co-doped fiber laser, compared to that of a
Tm-doped fiber laser, and an efficient operation was obtained.
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Figure 9. Characteristics of output pulses when D = +0.0503 ps? and spectral filter was used, (a) optical
spectra, (b) autocorrelation trace, (c) pulse train, (d,e) RF spectra of (d) fundamental frequency and
(e) wide range.
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Figure 10. Variation of characteristics of output pulses as a function of net cavity dispersion when
(a) film A and (b) film B were used, respectively. Green areas show the region where mode-locking
was obtained only when spectral filter was not used, and orange area shows the region where
mode-locking was not obtained.

3. Conclusions

In this work, we demonstrated a dispersion-managed, passively mode-locked, ul-
trashort pulse, Tm-Ho co-doped fiber laser using SWNTs dispersed in polyimide film.
An in-line type spectral filter was developed to control the oscillation spectra. The net
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cavity dispersion was controlled using a normal dispersive fiber, and the characteristics of
output pulses were investigated. Dependences on the spectral filter and SWNT films were,
additionally, investigated.

Mode-locking was obtained in wide dispersion conditions, from —0.319 to +0.101 ps?.
In the anomalous dispersion region, almost transform-limited, short soliton pulses were ob-
tained. The spectral filter was effective in suppressing Kelly sidebands and the wavelength
tunable operation. Around the zero-dispersion region, stable mode-locking was obtained
when film B with a larger modulation depth was used. For the normal dispersion region,
high power, dissipative soliton pulses with a wide spectral width were obtained for film A.
The maximum average power was 75.7 mW. The spectral filter was effective in achieving a
high power, stable operation in the normal dispersion region.

A stable operation was observed experimentally, and it is expected that the devel-
oped Tm-Ho co-doped SWNT fiber laser will be useful for practical applications, such as
biomedical imaging, spectroscopy, etc.
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