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We report an environmentally robust, dissipative-soliton, mode-locked Tm-doped fiber laser operating in the
short-wavelength infrared region at 1876 nm, using all-polarization-maintaining (all-PM) fibers. Self-starting,
mode-locked operation is enabled by a single-wall carbon nanotube (SWNT) based saturable absorber (SA).
Cavity dispersion is managed by using a commercially available PM dispersion compensating fiber (DCF). A PM
fiber Lyot filter enables dissipative-soliton mode locking at a central wavelength of 1876 nm. The laser generates
stable pulses at a repetition rate ~ 19.2 MHz with an average power ~ 21.5 mW, corresponding to a pulse
energy ~ 1.1 nJ. The output pulse has a duration of 4.2 ps and can be compressed down to 391 fs using a grating-
based compressor. A higher pulse energy ~ 3.2 nJ can be obtained with a compressed pulse width of 566 fs by
varying the net cavity dispersion. To the best of our knowledge, this is the first nJ-energy-level, all-fiberized PM
dissipative-soliton mode-locked Tm-doped fiber laser based on SWNT, with potential for applications in high-

penetration nonlinear biomedical imaging microscopy.

1. Introduction

Ultrafast Tm-doped fiber lasers (TDFLs) operating in the 2-um region
have gained interest due to their ability to support several applications,
including spectroscopy [1], material processing [2], and remote sensing
[3]. In medical microscopy applications, (tens-hundreds) femtosecond
(fs) pulses in the short-wavelength infrared (SWIR) region
(~1650-1900 nm) have a great potential for deep (mm) penetration
imaging in biological tissues [4], due to their high optical transparency
compared to other wavelength regions [5]. They can be used for
multiphoton microscopy imaging in biomedical research [4,5]. Tm-
doped fibers provide broad emission wavelengths from ~ 1650 to
2100 nm [6] that cover the SWIR region. Mode-locking TDFLs to pro-
duce ultrashort pulses at wavelengths < 1900 nm requires a balanced
management of signal gain and reabsorption, due to the quasi-three-
level nature of the Tm-doped fiber [7]. Moreover, there is limited
availability of accessible saturable absorber (SA) materials designed for
the wavelengths within the SWIR region [8]. Hence, development of
femtosecond-pulsed, nanojoule-energy, mode-locked (ML) TDFLs
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operating in the SWIR can be challenging.

ML-TDFL generating ultrashort (150 fs) pulses at 1820 nm was re-
ported for 3-photon fluorescence microscopy [9]. However, free-space
components were used in the laser system due to splice difficulty be-
tween the fluoride-glass fiber and standard silica-glass fibers, which
would pose challenges to deployment for practical applications. An all-
fiberized ML-TDFL operating at 1840 nm was developed with silica-glass
fibers and demonstrated for third-harmonic generation microscopy in
biomedical samples [10]. However, non-polarization-maintaining (non-
PM) fibers were use in the ML-TDFL, and these are typically sensitive to
environmental temperature variations and physical perturbations in
maintaining polarization state, leading to variation of output pulse
properties, i.e., spectral bandwidth, pulse duration or energy [11]. Non-
PM cavities generally require adjustment of a polarization controller to
resume and maintain mode-locked operation if they experience external
perturbation [12]. In contrast, ML lasers based on PM fibers offer
robustness and stability [13], thanks to the high (in the order of 104
birefringence of PM fibers [14], insensitive to environment conditions
[15], maintaining a single polarization, without the requirement of
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controlling mechanism [16]. Therefore, ML lasers with PM-fiber cavities
are the preferred solution for reliable sources.

Several all-PM ML-TDFLs were reported using different SAs,
including optical loop mirrors [17], graphene [18], carbon nanotubes
(CNTs) [19], and semiconductor saturable absorber mirror (SESAM)
[20]. They were based on all-anomalous dispersion cavities and pro-
duced conventional solitons with low pulse energies in the pJ-level due
to the anomalous dispersion of standard single mode fiber (SMF) in the
2-um region [21]. Dispersion managed cavities, in which dispersion
compensating fibers (DCFs) with normal dispersion alter the intra-cavity
dispersion, can reduce nonlinear phase accumulation to provide higher
pulse energies [12]. However, managing dispersion in all-PM ML-TDFLs
is challenging due to the limited availability of PM-DCFs [22,23].
Ref. [22] reported a dispersion-managed PM ML-TDFL cavity using an
1.5-m-length, in-house-fabricated, PM-DCF and a 35-layer graphene/
poly(methyl methacrylate)-based SA. However, the ML-TDFL operated
at 1945 nm, generating a maximum output pulse energy of only 220 pJ.
Ref. [23] demonstrated a PM ML-TDFL cavity using a 0.7 m, commercial
PM-DCF (PM2000D, Coherent) and an arc-discharge, single-wall nano-
tube (SWNT)-based SA. Although the ML-TDFL operated at 1787 nm, the
output pulse energy was quite low (~70 pJ). Despite PM-DCFs being
employed in these cavities, the net-cavity dispersions remained in the
anomalous-dispersion region [22,23], resulting in stretched-pulse mode
locking with pJ-level output pulse energies. Dissipative-soliton ML
cavities with net-cavity dispersions in the normal-dispersion region offer
greater tolerance to nonlinear phase shifts than other soliton types [24].
Hence, they are capable of producing output pulse energies at the nJ-
level [25]. However, net-normal dispersion ML operation depends not
only on a balanced conservative effect between dispersion and nonlin-
earity [26], but also on the dissipative effects between spectral gain and
loss [25]. Therefore, dissipative-soliton cavities require careful control
of dispersion and proper selection of the spectral filter. Ref. [27] re-
ported a dissipative-soliton ML-TDFL constructed with all-PM fibers. A 3
m-long specially designed and in-house-fabricated PM-TDF was
employed acting as both gain fiber and DCF. Dissipative-soliton mode
locking was realized. However, the operating wavelength was 1995 nm,
and the output pulse energy was very low (~44 pJ), due to high (~3 dB)
splicing losses between PM-TDF and standard PM-SMFs in the cavity.

Here, we present an all-fiberized dissipative-soliton PM ML-TDFL
operating in the SWIR delivering nJ-level output pulse energies.
SWNT samples are fabricated and used as a SA, while a bandpass filter
constructed with PM fibers enables the dissipative-soliton ML operation.
The laser has excellent performance, including being self-starting, and
environmentally insensitive, and generating dissipative solitons at 1876
nm with pulse energies > 1 nJ. The output pulses have a duration of 4.2
ps and can be compressed down to 391 fs with an external grating-based
compressor. To the best of our knowledge, this is the first nJ-level all-PM
dissipative-soliton ML-TDFL operating below 1900 nm utilizing a
commercially available DCF and a SWNT-SA. This turn-key ML laser
exhibits stable mode-locking performance and output power, making it a
reliable source for multiphoton microscopy in biomedical applications.

2. Experiments
2.1. Mode-locked cavity design

A schematic of the all-PM ML-TDFL cavity is in Fig. 1. A continuous-
wave (CW) laser seeded Er-doped fiber amplifier (EDFA; EAD-5 K-C, IPG
Fibertech) is used as a pump source at 1563 nm, with a maximum output
power of 7 W. The CW pump light is coupled into the cavity through a
1560/1876 nm PM wavelength division multiplexer (WDM). A short (8
cm) length of PM Tm-doped fiber (TDF; PM-TSF-5/125, Coherent) en-
ables operation in the SWIR. The unabsorbed pump light is filtered by
another WDM placed following the TDF. A PM output coupler (OC) with
a 90 % output coupling ratio is used to extract the mode-locked pulses at
maximum efficiency. A fast-axis-blocked PM-isolator (PMI) acts as a
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Fig. 1. Schematic of all-PM Tm-doped fiber dissipative soliton laser.

linear polarizer and ensures unidirectional ring oscillation. A Lyot filter
(LF) [28], constructed from PM fibers, provides the intracavity spectral
filtering necessary to facilitate dissipative-soliton mode locking. A 11-
cm PM-SMF is spliced between the OC and PMI tails with a 45° rota-
tion relative to the principal axis of the fiber to excite two different
polarization components and introduce a phase delay. This relative
phase delay is wavelength-dependent, enabling the creation of a spectral
filter by controlling the PM-SMF length. Another identical section of PM-
SMF, with a length equal to the input fiber tail of the PM], is spliced with
a 90° rotation offset to the PMI. This compensates for polarization-
dependent GVD in the PMI fiber, preventing pulse walk-off effects
[29,30]. Fig. 2(a) shows the fiberized LF structure. The red line of Fig. 2
(b) plots the transmission spectrum of the LF with a wideband ASE
source, revealing a periodic bandpass function with a peak wavelength
around 1876 nm, a free-spectral range of 72 nm and a full-width at half-
maximum (FWHM) bandwidth of 36 nm, consistent with the calculated
FWHM bandwidth of 37.7 nm [31,32]. The LF insertion loss is ~ 0.4 dB
around the peak wavelength. The wavelength-dependent transmission
of the LF can be adjusted by changing the birefringence of the LF fiber
using temperature control or tension variation [33,34]. A SWNT-
polyvinyl alcohol (PVA) composite [35] is placed between two angled
fiber patch cords at the PMI output, serving as a SA.

A 4 m long PM-DCF (PM2000D, Coherent) is used to manage the
intra-cavity dispersion. The DCF has a birefringence ~ 1.54 x 107
approximately half that of the PM-SMF. There is a significant core size
mismatch (2.1-um vs 8.5-um) between DCF and SMF, requiring care
during splicing and handling, to minimize splicing losses, and enhance
the PM performance of the DCF. To mitigate these issues, short (<10 cm)
sections of PM1950 (Coherent) fiber are used as bridge fibers to reduce
splicing losses and improve the PM performance within the cavity.
Compared with direct splicing of PM-DCF with PM-SMF, splicing losses
are reduced by 2.5 dB using the bridge fibers. The total insertion losses
of the PM-DCF in the cavity is 1.7 dB. The cavity has a total fiber length
of 10.6 m with an estimated net dispersion of 0.01 ps? (TDF: 3 = -0.02
psz/m; SME: 2 = -0.059 psz/m; PM1950: g2 = -0.02 psz/m DCEF: 3 =
0.098 ps%/m) [36,37].

2.2. Carbon nanotube saturable absorber characterization

The SA is designed for operation in the SWIR. SWNT-PVA composites
are prepared [35] using semiconducting SWNTs with a mean diameter
of 1.4 nm (Nanointegris). From Raman spectroscopy, we determine the
radial breathing mode (RBM) positions, related to the SWNT diameter,
dt [38] as Pos(RBM) = C; / dt + C,. Here, we use C; = 214.4 cm ! and
Cy, = 18.7 cm~! from Ref [38], derived from plotting the resonance
energy as a function of inverse Pos(RBM) without additional
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Fig. 2. (a) Schematic of Lyot filter (LF) and (b) input and transmitted ASE
spectrum of our Lyot filter.

assumptions. The RBM spectra of the powders [Fig. 3(b)] (black line)
show a broad distribution, spanning 150-174 cm~!,corresponding to
SWNTs with diameters ~ 1.3-1.6 nm. Fig. 3(c, d) display a weak D band
[I(D)/1(G) 0.04] [39].

The absorption spectrum of the SWNT-PVA composite is in Fig. 3(a)
(blue line), revealing an absorption band between 1.6 and 2.1 um,
corresponding to ehj; excitonic transitions of SWNTs with dt in the
1.2-1.7 nm range [40]. The PVA absorption is negligible, being over an
order of magnitude lower than the SWNT-PVA composite, in the
800-2400 nm range.

The SA nonlinear transmission is characterized using a home-built
ML-TDFL with a central wavelength of 1870 nm and a pulse duration
of 600 fs as the pump source. Fig. 4 displays the measured nonlinear
transmission of the SA (black dot) alongside its fitting using a fast
saturable absorption model (red line) [19,41]. The SA exhibits a mod-
ulation depth ~ 23.1 % and a saturation fluence ~ 56.1 pJ/cm?.

3. Results and discussions
3.1. Dissipative soliton output pulse properties

ML self-starts at a threshold pump power of 870 mW, yielding an
output power ~ 7.2 mW. Stable single-pulse ML is maintained up to 950
mW pump power. The output power increases linearly with pump
power, exhibiting a slope efficiency ~ 17.9 % and reaching a maximum
power ~ 21.5 mW, Fig. 5. ML becomes unstable at higher pump powers.
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Fig. 3. (a) Absorption of SWNT-PVA composite (blue line), and pure PVA
(black dash). (b,c,d) Raman spectra of SWNT powder (black lines) and SWNT-
PVA composite (blue lines) at 514 nm excitation. (b) RBM region, (c) G region,
(d) 2D region.

85+
S
~ 80+
]
o
3
s 75+
=
2
S 70¢
B
= = Experiment data
65 Theoretical fit
1 10 100 1000 10000
Fluence (pJ/cm?)

Fig. 4. Nonlinear transmission of SWNT-PVA composite.

The output spectra at different powers are measured using an optical
spectrum analyzer (AQ6375, Yokogawa). Fig. 6 shows the output
spectra at various pump powers, displaying a sharp-edge spectral shape
typical of dissipative-solitons [12,42]. The spectral bandwidth gradually
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Fig. 6. Output spectra at different laser powers.

increases with output power, showing a central wavelength of 1876 nm
with a 3-dB bandwidth of 26 nm at maximum output power.

Radio frequency (RF) spectra are recorded with an InGaAs photo-
diode (ET-5000F, EOT) and a RF spectrum analyzer (RSA3303A, Tek-
tronix) to characterize the ML stability. Fig. 7(a) presents a typical RF
spectrum measured with a 200 Hz resolution, showing a fundamental
frequency of 19.2 MHz with a signal-to-noise ratio (SNR) ~ 71 dB. The
repetition rate corresponds to the cavity length and the high SNR in-
dicates stable single-pulse ML operation. The RF spectrum across a 1-
GHz bandwidth is shown in Fig. 7(b), indicating no parasitic in-
stabilities. The intensity drop in RF spectrum at higher-order harmonic,
compared to the fundamental frequency, is primarily due to the limited
detection bandwidth in the RF spectrum measurement, particularly the
slow time response of the aged photodiode available for use. The
maximum pulse energy is calculated to be 1.1 nJ.

The output pulse duration is characterized using a non-colinear
second-harmonic generation autocorrelator (pulseCheck NX150, APE).
Fig. 8(a) presents a measured autocorrelation trace (black line) that
matches well with a Gaussian pulse-shape fitting (red line), showing a
FWHM ~ 5.9 ps. Hence, the deconvolution pulse duration is ~ 4.2 ps. A
pulse compressor consisting of a pair of transmission gratings with a
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Fig. 7. RF spectrum of the output signal with (a) 100 kHz span at the funda-
mental frequency and (b) with 1 GHz span.

grating density of 900 line/mm de-chirps the pulses. Fig. 8(b) shows a
shortest pulse duration ~ 391 fs. The compressed pulse duration is 1.96
times larger than the calculated transform-limited pulse. This could be
caused by nonlinear chirp not compensated by gratings [43], which
could be improved by managing higher-order dispersions in the cavity
[44].

3.2. Net cavity dispersion variation

The net-cavity dispersion is adjusted by changing the length of the
SMF to 0.03 and 0.06 ps, with a total cavity length of 10.2 and 9.7 m,
respectively. Accordingly, the fundamental repetition rate shifts to 20
and 21.1 MHz. Fig. 9(a) shows the minimum compressed pulse durations
and the maximum pulse energies for the different dispersion conditions.
With a larger positive dispersion, the cavity can tolerate a higher pump
power before the onset of multi-pulsing, and generates a higher output
power [12]. E.g., for 0.06 psz, the maximum pump power increases to
1.2 W, with a maximum output pulse energy of 3.2 nJ for single-pulse
ML operation. However, the output pulses have a narrower spectrum
(20 nm), leading to a longer compressed pulse width (566 fs). Auto-
correlation traces with Gaussian fitting for pulses at energies of 2.4 nJ
and 3.2 nJ are presented in Fig. 9(b) and (c), respectively. It is possible to
achieve a higher pulse energy with a further increase in the net-cavity
dispersion, however, re-optimization of Lyot filter bandwidth is
needed to balance the higher dispersion for the dissipative soliton
operation. Furthermore, constrains from power handling of the fiber
components and the saturable absorber limit the power scaling of the
mode-locked laser.

3.3. Stability of mode-locked operation

The stability of our self-starting ML-TDFL is characterized by
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operating it in a laboratory environment and monitoring the output
power and optical spectrum for 6 h. Fig. 10 shows good output power
stability with a small fluctuation of + 1 %, primarily originated from
variations in the pump source during the experiment. There is no active
stabilization of temperature for the mode-locked cavity during the
measurement, hence periodic temperature variations induced by the air
conditioning system in the laboratory might also influence the temper-
ature of the gain fiber, hence affect the laser output. The output spec-
trum acquired at a 1 h intervals, exhibits good repeatability, Fig. 11.

4. Conclusions

We reported a fully fiberized, environmentally stable, dissipative-
soliton ML-TDFL operating at 1876 nm based on PM fibers. To the
best of our knowledge, this is the first demonstration of a nJ-energy-
level, all-PM dissipative-soliton ML-TDFL using commercially avail-
able fibers as DCF and a SWNT based SA. With a net-cavity dispersion of
0.01 ps?, our ML-TDFL provides an output pulse energy of 1.1 nJ. The
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Fig. 10. Output power and pump power stability over 6 h.
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Fig. 11. Output spectrum for 6 h measured at 1 h time intervals.

output pulses have a duration of 4.2 ps and can be compressed to 391 fs,
under a Gaussian pulse-shape assumption, using a grating-based
compressor. The net-cavity dispersion can be adjusted to achieve a
higher pulse energy of 3.2 nJ, with a compressed pulse duration of 566
fs. Stable output pulse properties of the turn-key ML-TDFL was
demonstrated. Due to its fully fiberized geometry and environmental
insensitivity, our ML-TDFL could serve as a reliable source for multi-
photon imaging in biomedical applications.
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