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Abstract—Eye-safe fiber laser sources near 2 ;sm have attracted
a lot of interest in space, defense, medical, and industrial appli-
cations. We review our latest developments of various fiber laser
sources operating near 2 pm, which include single-frequency CW
lasers, wavelength-swept lasers, power-scaled nanosecond pulsed
lasers, and various mode-locked lasers. Potential applications of
these mid-infrared fiber laser sources are also discussed.

Index Terms—Mode-locked fiber laser, silicate glass, single-
frequency fiber laser, Tm-doped fiber, Tm-Ho-codoped fiber, tun-
able fiber laser, Q-switched fiber laser.

1. INTRODUCTION

ASER EMISSIONS near 2 yim based on Tm”* and Ho®*
L ions have attracted intense interest in recent decades for
a number of potential applications, including atmospheric mea-
surements, laser radar, longer-wavelength laser pumping, laser
plastics material processing, biomedical and medical applica-
tions (such as laser angioplasty, ophthalmic procedures, laser
lithotripsy, and laser surgeries). The Tm®" and Ho®" ions can
be doped in many laser host materials, including crystals, various
oxide glasses (such as silica, silicate, germanate, and tellurite),
fluoride glasses, and chalcogenide glasses. Those Tm?" and
Ho®" doped glass materials are of particular interest, because
they enable fiber-based laser operations in the 2-ym spectral
region. Performance of a fiber-based laser can be superior to
that of its bulk crystalline laser counterparts in many aspects,
including compactness, robustness, long-term reliability, better
thermal management, and high beam quality at high average
powers [1]. Therefore, Tm?* and Ho®*+ doped fiber lasers have
been extensively investigated in the recent two decades.

The Tm3* and Ho®" ions doped in glass/fiber materials,
exhibit wide and gain bandwidths covering from 1.7 um to
2.1 um. The wide gain bandwidth provides a wide selection
range of laser operation wavelengths in the eye-safe spectral
region when operating in continuous-wave (CW) mode or Q-
switched mode. It can also offer the capability of delivering
femtosecond laser pulses when operating in a mode-locking
regime. These laser operation modes have been demonstrated
in a Tm*" and/or Ho®" doped fiber laser with different host
materials.
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Because the spectral region contains many absorption lines
of important atmospheric gases such as H,O and CO2, CW and
pulsed single-frequency 2-um laser sources have been widely
used in atmospheric remote sensing applications especially for
coherent Doppler lidar wind detection [2], [3]. A highly-reliable
single-frequency fiber laser provides an ideal robust fiber seed
source for those applications, for which one popular wave-
length region is 2.05-2.06 pum. At that wavelength, high-energy
Ho:Tm:YLF and Ho:YLF crystal-based power amplifiers have
been demonstrated with joule-level energy of single-frequency
laser pulses.

The nature of high absorption near the 2-pm spectral region
in liquid water [4] and most polycarbonate materials makes the
Tm®" and/or Ho** doped laser sources attractive in many in-
dustrial applications, such as biomedical/medical applications,
and plastics material processing. Both CW and pulsed 2-pm
fiber lasers can find their applications in those industrial areas.

One popular military application for 2-pm lasers is to use
them as pump sources for longer wavelength mid-infrared gen-
eration via nonlinear frequency conversion, such as optical
parametric oscillator (OPO) [5]. Nonlinear frequency conver-
sion processes prefer high-peak-power pulsed lasers, including
Q-switched and/or mode-locked lasers. Pulsed 2-pm lasers are
more favorable to be used as pump sources for longer wave-
length infrared generation for some reasons, as compared with
those counterparts at the wavelengths of 1 pm and 1.55 pm.
First, it has a lower quantum defect for the frequency conver-
sion from pump wavelength to mid-infrared signal wavelengths,
thereby yielding higher quantum efficiency in the nonlinear pro-
cess. Second, many nonlinear optical crystals for mid-infrared
generation are not transparent or have a high propagation loss
at the shorter pump wavelengths. Third, for some nonlinear op-
tical crystals with too large dispersion, even no phase-matching
can be obtained for OPO nonlinear process when the pump
wavelength is short (e.g., 1 pum).

Another emerging application for 2-ym lasers is for mid-
infrared supercontinuum generation. Mid-infrared broadband
radiation is very useful for a variety of applications. Super-
continuum generation in a piece of highly nonlinear passive
fiber is a commonly-used way to obtain broadband laser ra-
diation, through various nonlinear optical effects in the non-
linear fiber when pumping with a high-power pulsed or even
CW laser. These nonlinear effects include self-phase modu-
lation (SPM), Raman scattering, modulation-instability, and so
on [6]. To enhance the efficiency and the bandwidth of supercon-
tinuum generation, dispersion-engineered nonlinear fibers (such
as microstructured fiber or fiber taper) are usually used, so that
the pump lasers can propagate in those dispersion-engineered
nonlinear fibers in an anomalous dispersion regime. This re-
quires the pump laser wavelength be close to or longer than zero-
dispersion wavelengths (ZDW) of the nonlinear fibers. Also,
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to obtain efficient mid-infrared supercontinuum generation, the
nonlinear fiber must have low propagation loss at both pump
wavelength and supercontinuum wavelengths. The best-known
infrared transparent fibers are made of non-silica soft glasses, in-
cluding fluoride glass and chalcogenide glasses. The challenge
is these soft glasses exhibit longer ZDW [7]. Some chalcogenide
glasses even are not transparent at short wavelengths, such as
1 pm and 1.55 pm. Therefore, 2-pum laser sources are favorable
pump sources for mid-infrared supercontinuum generation.

In this paper, we present our development of various 2-pm
fiber lasers [8]. This paper is structured as follows. Section II
describes heavily Tm®" — and/or Ho®" —doped silicate glass
fibers that we used to develop various 2-um fiber lasers. Section
III~VI describes what we did with single-frequency 2-pm fiber
lasers, tunable 2-um fiber laser, Q-switched 2-pm fiber lasers,
and mode-locked 2-um fiber lasers.

II. HEAVILY TM- AND HO-DOPED SILICATE GLASS FIBER

So far, many different glass host materials have been used
to fabricate Tm?** - and/or Ho®"-doped fiber for 2-um laser
operation, including silica and non-silica oxide glass fiber such
as germanate [9] and telluride glass fiber [10]. It is well known
that the doping concentration of rare-earth ions in silica fiber
is limited due to the intrinsic glass network structure. Various
approaches are developed to increase the doping concentration
including co-doping with Al2 O3, By O3, and Py O3 and using
nano-particle technology. The highest doping level in silica glass
has been increased to 1 or 2-wt%. In recent years, particularly,
dramatic improvements in Tm?>* -doped silica fiber technology
(by codoping some other ions such as Ge’™ and AI** in silica
glass of the fiber core during the chemical vapor deposition
process) have led to successful demonstrations of very high
laser efficiency (>54%) with 1-kW laser average power near
2 pm.

Multi-component non-silica glasses permit a higher doping
concentration of Tm®* ions, due to their less-defined glass
network as compared to silica glass. Various multi-component
glass fibers have been demonstrated for 2-um laser operation,
including silicate, germanate, and tellurite glass fiber. These
multi-component glass fibers with high doping concentration of
Tm?" ions allow for taking the advantage of a 2-for-1 cross-
relaxation process in the heavily Tm** doped systems, yielding
even higher laser efficiency than silica doped glass fiber. More
than 100-W laser output has been demonstrated in a germanate
glass fiber laser with 5-wt% Tm?>* doping concentration. More
importantly, high doping concentration fiber also enables high
pump absorption and high gain per unit length, which is partic-
ularly essential for some applications that need high laser gain
generated from a short piece of active fiber. However, it is noted
that these important benefits come from multi-component non-
silica glass fibers at some expenses, such as weak mechanical
strength and the difficulty in fusion splicing with silica fiber
pigtails of commercial fiber components.

We fabricated multi-component silicate glasses with Tms O3
doping concentration from 4 to 7-wt%. The main glass network
that forms our glass host is SiO-, the same material as standard
silica glass fiber. Therefore, silicate glass fibers provide much
stronger mechanical strength than other multi-component glass
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Fig.1. Calculated output signal and residual pump powers of 1950 nm Tm?>* -
doped fiber amplifier as a function of the fiber length. (a) 7-wt% Tm®* -doped
silicate fiber; (b) 0.7-wt% Tm3 " -doped silica fiber. Signal power is 1 mW. The
pump is 2-W 1575 nm laser.

fibers, and better compatibility with silica fiber, yielding much
more robust fusion splicing between active fiber and standard
passive silica fiber that is needed to build fiber lasers/amplifiers,
such as fiber Bragg gratings or pump combiners.

As mentioned above, one of the most important benefits of
multi-component glass fibers is high pump absorption and high
gain per unit length. In order to compare the optical difference
between multi-component glass fibers and a silica glass fiber.
We have numerically analyzed optical performance of a fiber
amplifier with two different Tm? " -doped fibers. One fiber is
one of our Tm3+—d0ped silicate fibers, and the other one is a
Tm?* -doped silica fiber. It was assumed that both fibers have
the same design and both fiber amplifiers have the same config-
uration, only with different fiber lengths. The amplifier is seeded
with a 1950-nm laser signal at 1 mW, and pumped by a 1575-
nm pump laser at 2 W. Both active fibers are taken to have a
single-mode core diameter of 10 pm and a cladding diameter of
125 pm. To reflect actual differences between the two types of
fibers, namely their propagation loss, upper-state lifetime, and
Tm?" concentration, each of these three parameters is given
its actual measured value for each fiber. For the silica fiber, we
used the best values currently reported for commercial fibers,
i.e., a loss of 0.1 dB/m, an upper-state lifetime of 0.65 ms,
and a concentration of 8.4 x 10'Tm?*"ions/cm® [11]. The
corresponding values for our silicate fiber (7-wt% Tm?3* dop-
ing) are 0.7 dB/m, 0.635 ms, and 8.35 x 10?°Tm?*"ions/cm”’,
respectively. We used the measured absorption and emission
cross-section spectra of these two glasses as the calculation in-
put. The calculated results are shown in Fig. 1. It is obvious
that high laser gain can be generated from our heavily doped
silicate glass fiber in a much shorter fiber length. This feature
particularly benefits the applications that require high laser gain
generated from a short piece of active fiber, such as short-cavity
single-frequency laser operation and high-power pulsed fiber
amplifiers (for Brillouin scattering suppression).

Fig. 2 shows typical microscopic images of some heav-
ily Tm®"- and/or Ho*"-doped silicate glass fibers. Both
single-cladding and double-cladding silicate glass fiber can be
fabricated in house by using the well-known rod-in-tube
fiber drawing technique. For double-cladding fibers, the inner
cladding is surrounded by a layer of outer cladding silicate glass
with NA as large as ~0.6 to confine the multimode pump laser
in the inner cladding region. The use of glass outer-cladding in
the fibers allows potentially for much higher power handling
capability than those standard polymer-based double-cladding
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Fig. 2. In-house-fabricated Tm®* - and/or Ho?* -doped silicate glass fibers.
(a) double-cladding single-mode fiber. (b) double-cladding LMA fiber. (c)
single-cladding polarization-maintaining fiber. (d) single-cladding LMA fiber.
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Fig. 3. (a) ASE spectrum of in-house-fabricated cladding-pumped Tm?™ -
doped silicate glass fiber (5wt% Tm?7). (b) Laser output power as a function
of absorbed pump power at 798 nm in cladding-pumped Tm®* -doped fiber
laser at 1.95um with 20-cm-long 18 pm core fiber.
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Fig. 4. (a) ASE spectrum of in-house-fabricated cladding-pumped Tm?+

-Ho®* -codoped silicate glass fiber (6wt% Tm>* and 0.4wt% Ho>").
(b) Laser output power as a function of absorbed pump power at 798nm in
cladding-pumped co-doped fiber laser at 2.06 ym with 120 cm-long 11 ;zm core
fiber.

silica fibers. A low-index silicate rod is usually inserted into
the inner cladding for the enhancement of cladding pump ab-
sorption (>12 dB/m near 800 nm). In a similar way, we are
also able to fabricate single-cladding polarization-maintaining
(or non-PM) heavily Tm?* -doped silicate glass fiber.

Fig. 3 and Fig. 4 show typical amplified spontaneous emis-
sion (ASE) spectra of in-house Tm®" -doped and Tm?*" -Ho®*
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-codoped silicate glass fibers, and their laser performances of
cladding-pumped laser operation using these silicate fibers.
High-gain per unit length associated with our heavily doped
silicate glass fibers enables us to develop various unique fiber
lasers near 2 pm, including CW single-frequency fiber lasers
and high-power pulsed fiber lasers.

III. SINGLE-FREQUENCY FIBER LASER NEAR 2 pm

Advances in the development of single-frequency narrow-
linewidth fiber lasers are beneficial to a variety of applications.
Single-frequency fiber lasers at 1 pm and 1.55 pum have been
well developed and commercialized with a typical design of a
very short laser cavity in combination with narrow-band fiber
Bragg gratings for robust single-frequency operation. Similar
laser development near 2 pm has received intense interests in
recent years. Single-frequency pulsed laser sources in the eye-
safe spectral region near 2 um are of particular interest to some
applications. For example, Doppler lidar wind measurements
require highly reliable compact single-frequency laser pulses
near 2 pum for use in airborne and space-borne platforms. An-
other emerging application is to use single-frequency pulsed
2 pm lasers as pump sources for narrowband longer wavelength
infrared or THz generation via nonlinear frequency conversion
techniques, such as OPO or difference frequency generation.

To date, two different kinds of Tm-doped glass fibers have
been used for single-frequency laser operation near 2 pm. They
are silica glass fiber with distributed feedback (DFB) cavity con-
figuration [12]-[15] and non-silica glass fiber with distributed
Bragg reflector (DBR) configuration [16]. The DBR fiber laser
technology provides much more flexibility in the wavelength of
a single-frequency fiber laser.

High pump absorption and high gain per unit length of heavily
doped multi-component non-silica glass fibers make it possible
for achieving efficient single-frequency laser operation from a
short-cavity DBR fiber laser at any wavelength in the whole gain
spectral region. Usually, a single-frequency DBR fiber laser is
built by using a short piece of heavily doped active fiber and
a pair of fiber Bragg gratings that are written in commercial
single-mode fibers.

A. Tm-Doped Single-Frequency Fiber Laser

Both Tm** and Ho*" ions exhibit high laser gain near 2 m
when they are doped in optical media, including crystals and
various glass fibers. To date, Tm3+-d0ped fiber lasers have
dominated research interest in the 2-um fiber lasers. Indeed,
Tm-doped fibers have the potential to generate laser wave-
lengths far beyond 2.0 pm, up to 2.1 pem, which covers the most
of gain spectral range offered by Ho® " -doped fibers. However,
for single-frequency laser operation Tm® " -doped fibers can-
not go that far. This is because the emission cross section of
Tm?>" ions is dramatically reduced with increased wavelength
(beyond 2 pm). For laser operation at the wavelengths far be-
yond 2 pum, a prolonged length of Tm®* -doped gain fiber has
to be used to generate sufficient laser gain, which is prohib-
ited for single-frequency laser operation. The reported longest
single-frequency laser wavelength so far from a Tm®* -doped
fiber laser was near 2.02 pum [16]. With a short piece of heavily
Tm?** -doped non-silica fiber and a DBR cavity configuration
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Fig. 5.  Single-frequency laser operation at (a) 2017nm and (b) 1740nm from
aTm3* -doped DBR fiber laser. (Copied from [16].)
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Fig. 6. (a) Typical RIN spectrum and (b) frequency noise spectrum of a single-

frequency DBR fiber laser near 2 pm.

pumped by a single-mode laser beam at 793 nm, germanate
glass active fiber has been successfully used for building single-
frequency fiber lasers in a wide wavelength range, for example
from 1740 to 2020 nm, as shown in Fig. 5.

Fig. 6 shows typical noise spectra of a single-frequency
Tm?>"-doped fiber laser. The laser features a relaxation-
oscillation-dominated relative intensity noise (RIN) peak
(=75 dB/Hz) at ~1 MHz and a spectral linewidth of ~50 kHz.
The output power can be 10s of mW directly obtained from a
fiber laser oscillator [31], and the power can be readily scaled
up to SW or more with Brillouin-suppressed fiber amplifiers.

B. Ho-Doped Single-Frequency Fiber Laser

Some applications need the operation wavelength of a single-
frequency laser longer than 2.02 pm. For atmospheric Doppler
lidar application, for instance, one popular wavelength region is
2.05-2.06 pm, at which high-energy Ho:Tm:YLF and Ho:YLF
crystal-based power amplifiers are readily available for joule-
level pulse energy single-frequency laser generation. In this
application, it requires single-frequency seeder laser at the
wavelength near 2.05-2.06 pm. This is a challenge if using
Tm-doped fibers, but it is readily achievable with Ho** -doped
fibers. In fact, Wu demonstrated the first single-frequency fiber
laser at that wavelength by using heavily Ho-doped germanate
glass fiber [18].

Recently, we have also demonstrated a single-frequency fiber
laser using a very short piece of heavily Ho®"-doped silicate
glass fiber, as described in detail in [19]. The single-mode Ho®* -
doped fiber has a doping concentration of 3wt% with a core
diameter of 10 m and 0.124 NA.

Fig. 7(a) shows absorption spectrum of a 10-cm-long piece
of the 3wt% Ho®" -doped fiber. For the Ho®" -doped fiber, the
absorption is high (~1.2 dB/cm) at the center absorption wave-
length near 1.95 pm, which enables us to use a very short piece
(~2-cm long) of the Ho*"-doped fiber as the gain fiber for
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Fig. 7. (a) Absorption spectrum and (b) ASE spectrum measured with a
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Fig. 8. Optical spectra of single-frequency fiber lasers at (a) 2040 nm and
(b) 2100 nm with 2-cm long Ho-doped fiber (and its pump laser line at 1940
nm).

single-frequency laser operation when pumped with a 1.95 ym
Tm?" -doped laser. Fig. 7(b) also shows ASE spectrum from
the fiber when pumped by a fiber laser at 1940 nm, exhibiting a
wide gain spectrum.

In order to demonstrate the capability of the Ho? " -doped fiber
for single-frequency laser operation in a wide spectral range,
we used a short piece (~2-cm long) of the 3-wt% Ho®" -doped
fiber as the gain fiber, and two pairs of fiber Bragg gratings at
2.04 pm and 2.1 pm to form a monolithic DBR laser cavity. We
successfully obtained laser oscillation at both wavelengths, as
shown in Fig. 8. This demonstration indicates that the gain of
the Ho-doped fiber was sufficiently high for single-frequency
laser operation at any wavelength in a wide spectral range from
2.04 pm up to 2.1 pm.

IV. ALL-FIBER WAVELENGTH-SWEPT LASER NEAR 2 uM

Broad wavelength tunability of a Tm-doped fiber laser has
been reported for two decades [20]. However, previous demon-
strations use fragile free-space laser cavity designs in those
Tm-doped fiber lasers. All-fiber wavelength-swept fiber lasers
have been demonstrated with both Tm**- and Ho*"-doped
fibers. The laser wavelength can be rapidly swept over a wide
spectral range by using a fiber Fabry-Perot tunable filter (FFP-
TF). This kind of fiber laser has been demonstrated in 1-pum and
1.55-pum wavelength regions previously [21], [22], but never in
the 2-pm wavelength region.

The key component in the all-fiber tunable laser was a fiber-
based FFP-TF that was fabricated for the operation at 2 yum by
Micron Optics [23]. High-reflectivity thin-film coating on the
two fiber ends to form a high finesse cavity (finesse ~ 2300). A
piezo actuator was bonded with the FP filter for achieving fast
wavelength tuning.

The all-fiber wavelength-swept laser was be built by inserting
a fiber-based tunable filter into a Tm>* - or Ho** -doped fiber
ring cavity. For Tm?** -doped fiber, a CW single-mode Er-doped
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Fig.9. Typical laser spectra of the all-fiber wavelength-swept fiber lasers with
(a) Tm3* -doped fiber and (b) Ho®* -doped fiber when constant voltages were
applied to the tunable filter.

fiber source at 1.56 pm, which was a home-made Er-doped fiber
laser cladding-pumped by a commercial fiber-pigtailed 960-nm
single emitter, was used as a pump source via a fiber wavelength-
division multiplexer (WDM) for the wavelength at 1.5 pym/2.0
pm, which was detailed in [23]. For Ho?t -doped fiber, similarly,
a CW single-mode Tm?" -doped fiber source at 1.95 ;m was
used as a pump source via a fiber WDM for the wavelength at
1.95 pm /2.05 pm. All of the intracavity components, including
an isolator, the tunable filter, and a 50/50 splitter, were fusion-
spliced together to form an all-fiber laser ring cavity.

Fig. 9 shows typical laser spectra when constant voltages
were applied to the filter. Laser wavelength was determined by
transmission wavelength of the tunable filter, which in turn was
piezo-electrically controlled by the voltage that was applied
to the filter. With a 50-cm-long Tm®"-doped fiber, the laser
wavelength can be tuned over 200 nm from 1840 to 2040 nm.
For Ho*" -doped fiber, the laser wavelength can be tuned over
80 nm from 2025 to 2105 nm.

When a sawtooth voltage was applied to the filter, the laser
wavelength can be linearly swept rapidly. The laser wavelength
was swept over the whole spectral range in just about 16ms, at
a speed of about 10 pm/sec [23].

Spectral linewidth of the laser was measured by using a
high-resolution scanning fiber Fabry-Perot (FP) interferometer
(Micron Optics, FSR = 1GHz, finesse ~270). The measured
spectral linewidth was about ~300 MHz, or 0.01 cm™ ! [23]. The
narrow-linewidth tunable laser can be used for high-resolution
spectroscopic measurements.

V. ALL-FIBER Q-SWITCHED FIBER LASER NEAR 2 uM

In the past decade, pulsed fiber lasers have been extensively
investigated due to their superior performances for military
and industrial applications, such as LIDAR sensing, nonlinear
frequency conversion, and material processing. Most pulsed
fiber lasers demonstrated so far are based on Yb- and Er-doped
fibers. Mille-joule-level nanosecond pulsed fiber lasers at 1 pm
have been well-commercialized for material processing appli-
cations, such as marking, trimming, drilling, and cutting. Pulsed
fiber lasers operating near 2 ;m are emerging laser sources for
scientific and industrial applications, because of their unique ad-
vantages in terms of eye-safe wavelength, and high absorption in
greenhouse gases, liquid water, and most polycarbonate materi-
als. Potential applications with 2-pm pulsed fiber lasers include
eye-safe LIDAR, medicine, spectroscopy, remote sensing, and
pumping source of mid-infrared generation.
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Both Q-switching and gain switching techniques have been
used to generate nanosecond fiber laser pulses near 2 pm.
The Q-switching technique includes active Q-switching with
acousto-optic modulator [24] and passive Q-switching with sat-
urable absorber materials, such as Cr>*:ZnSe [25], Ho?*t -doped
fiber [26], and Sb-based semiconductor saturable absorber [27].
Direct gain switching can be realized by pumping with either a
modulated 1.55-pm laser [28] or a pulsed laser at 1.9 pym [29].
So far, the highest peak power reported from a 2-um fiber laser
system is 138 kW with a pulse energy over 10 mJ [29], which
was achieved by using a Tm: YLF crystal-based pumping source.

Some applications (e.g., coherent lidar sensing for wind mea-
surement or CO9 profiling in the atmosphere) require a 2-pm
laser not only in a pulsed mode, but also in single-frequency
mode. For decades, Q-switched single-frequency Tm?"- or
Ho?* -doped crystal lasers have been used in these applications
[2], although they suffer from a complicated free-space laser
cavity design. All-fiber monolithic laser sources are highly de-
sirable for these applications, especially for airborne and space-
borne applications, because fiber-based sources offer a much
more compact and robust solution. With the advances in pho-
tonic component technologies developed mainly for telecom-
munication and fiber laser industries in recent years, all-fiber
single-frequency pulsed laser sources become readily available
at shorter wavelengths, i.e., 1.55 ym and 1 pym as well. High-
power single-frequency pulse radiation can simply be gener-
ated from directly-modulated DFB semiconductor laser and/or
single-frequency fiber oscillators in combination with fiber- or
crystal-based high power amplifiers. For the long wavelengths
near 2 pm, fiber components are not as readily available as those
at the short wavelengths (1.55 pym and 1 pm). Although single-
frequency DFB diodes near the 2-pum band become available
in recent years, the accessible wavelengths of 2-ym-band DFB
laser diodes are quite limited, not to mention their wavelength
accuracy and stability.

High laser gain per unit length associated with our heavily
doped silicate glass fibers make it possible for us to develop
all-fiber pulsed single-frequency lasers. It also benefits our de-
velopment of high-power pulsed fiber amplifiers from mitigating
the limit of nonlinear effects in the amplifiers.

A. All-Fiber Q-Switched Single-Frequency Tm-Doped Laser

The approach for an all-fiber Q-switched single-frequency
laser is based on polarization modulation of a short-cavity fiber
laser by using stress-induced birefringence [30], as illustrated
in Fig. 10. As described with more details in [17], the design
concept is that a single-frequency DBR fiber laser is formed by
a non-polarization-maintaining (non-PM) high-reflectivity fiber
Bragg grating (FBG) as the cavity end mirror and a polarization-
maintaining (PM) narrow-band FBG that acts as an output cou-
pler. The combined use of a short laser cavity (a few centimeters
in length) and narrow-band distributed Bragg reflectors (i.e.,
FBGs) ensures robust single-frequency operation in the fiber
laser. These two FBGs are designed so that only for one spe-
cific state of polarization the PM-FBG has a matched reflective
wavelength with that of the non-PM FBG, thereby resulting in
laser oscillation in this specific state of polarization. To achieve
Q-switching in the fiber laser, an appropriate amount of pre-
loaded stress is applied to a small section of the active fiber
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the active fiber for polarization modulation to achieve Q-switching. (Copied
from [17]).
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Fig. 11. (a) Q-switched pulse trains and their corresponding PZT drive signal
at 12.5kHz. (b) Laser spectrum over one free spectral range of a scanning FP
interferometer that verified single-frequency operation. (Copied from [17].)
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Fig. 12. A core-pumped fiber amplifier (left) can be used to boost the power
of the single-frequency laser pulses (right). (Copied from [32].)

inside the laser cavity at an angle of 45 degree relative to the
axes of the PM-FBG. This stress-induced birefringence acts as a
wave-plate so that the intracavity light has the orthogonal direc-
tion of polarization with a low Q-value in the fiber laser cavity,
thereby preventing from laser oscillation. A small piezo actua-
tor can be used to quickly release the preload stress to obtain
a high Q-value in the cavity, resulting in the generation of Q-
switched single-frequency pulses in the preferred specific state
of polarization.

Fig. 11 shows a typical Q-switched pulse train and their corre-
sponding drive signal. Output power of the all-fiber Q-switched
laser oscillator was about 10 mW. It can easily be increased
by >10dB with a fiber amplifier core-pumped by a 1.55 pm
fiber source, as shown in Fig. 12 [32].

B. Gain-Switched Single-Frequency Ho® " -Doped Fiber Laser

A Ho®"-doped fiber laser can be gain-switched by a Tm?"
-doped laser pulse near 1.95 ym. By doing this, we have demon-
strated a gain-switched single-frequency Ho® " -doped fiber laser
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Fig. 13.  (a) Optical spectrum and (b) temporal profile of the pump laser and

the gain-switched laser. (Copied from [19].)

near the wavelength required for atmosphere Doppler LIDAR
application, i.e., 2.05 pm [19].

An in-house Q-switched Tm-doped fiber laser was used as a
pump source to pump a single-frequency Ho-doped fiber laser,
which was formed by a 2-cm-long piece of the Ho-doped fiber
and a pair of fiber Bragg gratings at 2.052 pm, including a high-
reflectivity grating written in Corning SMF-28 fiber and an out-
put coupler grating in polarization-maintaining fiber PM1550.
The grating pair was designed for single polarization laser os-
cillation along the slow axis of the output grating, which emit-
ted linearly polarized laser radiation with >20 dB polarization
extinction ratio. The pump laser, i.e., single-mode Q-switched
Tm-doped fiber laser, delivers 20 kHz pulses at 1.95 pm with
a pulse width ranging from 15 to ~100 ns (inversely propor-
tional to average output power approximately, with a maximum
average power of about 300 mW).

Fig. 13 shows optical and temporal characteristics of the pump
laser and the gain-switched laser. The gain-switched laser wave-
length was measured to be 2.052 pm. The pump pulse and the
gain-switched pulse were measured in time domain by using
a fast photodiode and a digital oscilloscope. It can clearly be
seen that the 1.95-pm pump pulse profile is spiky due to mode
beating, but the gain-switched pulse at 2.052 pum has a very
smooth profile, suggesting that the gain-switched fiber laser was
in single-frequency laser operation. The single-frequency oper-
ation was verified by using a scanning fiber FP interferometer
with a 1-GHz free-spectrum range (made by Micro-Optics). In
the gain-switched mode, typical laser pulses have a transform-
limited linewidth ranging from <10 MHz to ~40 MHz, depend-
ing on the pulsewidth of gain-switched pulses (which could be
varied from less than 10 ns to more than 100 ns, as a function
of pump power).

Output power of the single-frequency gain-switched laser
was further boosted by a single-mode cladding-pumped fiber
amplifier, in which the active fiber was 1.2-m-long piece of
homemade Tm-Ho-codoped silicate glass fiber pumped by a
multimode laser diode at 803 nm. The heavily codoped fiber has
a 10-pum core diameter (0.14 NA) with 6-wt% Tm-doping and
0.4-wt% Ho-doping. The co-doped active fiber enables direct
diode-pumping with 0.8-pm laser diodes. A 1-meter-long piece
of passive fiber was spliced with the gain fiber to remove the
residual pump from the fiber cladding and deliver the amplified
single-mode gain-switched pulses at 2.052 pm. Fig. 13 shows
the output power from the fiber amplifier as a function of pump
power. The maximum extractable output power could reach
1.1 W at a pump power of 12 W with a slope efficiency of
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fiber system. (b) A typical temporal shape of an amplified pulse.

about 11%, corresponding to a maximum peak power of 7 kW
approximately.

With 10-pm core fiber amplifier, experiments reveal that two
different nonlinear effects are involved at a high peak power.
One was four-wave mixing or modulation instability (MI). This
kind of nonlinear effect was evidenced by the appearance of MI
sidebands in the laser output spectra, as shown in the right graph
of Fig. 14. At relatively low power (~500 mW average power
or ~3 kW peak power), no significant nonlinear effect was
observed. But at higher pump power (~750 mW average power
or ~4.5 kW peak power), two symmetrical broad side-bands
gradually grew up at both spectral sides of the laser line with
40 dB signal-to-noise (SN) ratio and 20 nm spectral spacing.

The other kind of nonlinear effect can also be seen when
zooming in the spectra. Multiple spectral components appeared
at the long wavelength side of the laser line when the peak
power was over 4.5 kW. These red-shift spectral components
were assigned as the Stokes components of stimulated Brillouin
scattering. Obviously, the peak power (~4.5-kW) of the single-
frequency laser pulses was too high for the 10-um core fiber
even at a fiber length of ~2 m. To mitigate these two kinds of
nonlinear effects, a simple solution is to use active fiber with
larger core diameter for higher-power pulsed laser output.

C. Power Scaling of Tm>" -Doped Pulsed Fiber Laser

We have further scaled up output power of the fiber laser
pulses by used our large-mode-area heavily Tm?*"-doped
silicate glass fiber in a power amplifier. The whole fiber am-
plifier system consists of a pulsed seed laser, fiber pre-amplifier,
and a power amplifier. This preamplifier can increase the pulsed
laser power from a few mW to well above 500 mW. The power
amplifier included a 55-cm long piece of Tm** -doped gain fiber
(20-pm core diameter and 0.08 NA). With the input of 20 pJ
pre-amplified pulses (20 ns pulse width) at 10 kHz, the output
characteristic of the power amplifier is shown in Fig. 15.
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Fig. 16.  Spectra of the laser pulses from the power amplifier at a pulse rate of
(a) 20 kHz and (b) 10 kHz. The wavelength span is from 1750 nm to 2150 nm.

With 16-W absorbed pump power, the output spectra from the
system at two different repetition rates were shown in Fig. 16.
At 20 kHz or above, the SN ratio of the laser pulses was 50 dB
or better. At 10 kHz, however, the SN ratio reduced to 35 dB,
which accounts for about 5-10% noise in the total power at
10 kHz. The maximum pulse energy extracted from the 20-,m-
core fiber power amplifier was ~600 pJ with a peak power of
about 30 kW.

VI. MODE-LOCKED FIBER LASERS NEAR 2 pym

Mode-locked fiber lasers at the 1-pm and 1.5-pm wavelength
regions have been studied extensively in the last two decades.
In the recent years, significant research efforts have been made
for extending the mode-locking technology into a longer wave-
length, particularly in the 2-pm spectral region. Broad gain
bandwidth of both Tm?" - and Ho® " -doped silicate glass fibers
makes them an appropriate gain medium for ultrashort pulse
generation in the region.

Mode-locked fiber lasers can be designed for operation in
several different regimes, including soliton, stretched-pulse,
and all-normal-dispersion regime. Soliton mode-locking is most
common for fiber lasers with relatively large anomalous cavity
dispersion. Although soliton operation can generate clean pulse
shape, the pulse energy and peak power are limited due to soli-
ton effects. The group velocity dispersion (GVD) of the single-
mode silica fiber at 2 yum is —0.065 ps?/m, which is much larger
than the GVD of —0.022 ps?/m at 1.55 pm. Therefore most
mode-locked Tm fiber lasers are soliton mode-locking with the
pulse width limited to picoseconds or a few hundred of fem-
toseconds.

Silicate glass fibers have different characteristics of material
dispersion from silica-based fibers. More importantly, because
we use a rod-in-tube technique for fiber fabrication at a low cost,
it is very flexible for us to design and fabricate silicate glass
fibers with different waveguide dispersion to further modify
overall fiber dispersion, in order to achieve different regimes of
mode-locking operation. We have demonstrated soliton mode-
locking laser operation with both Tm- and Ho-doped silicate
fibers, and achieved ~GHz high repetition rate mode-locked
thulium fiber laser, stretched pulse mode-locking operation, and
normal dispersion dominated mode-locking operation.

A. Dispersion of Silicate Glasses and Fibers

Sellmeier equation can be used to describe glass dispersion,
ie,n?=1+ lzB lcz + ]BQZCZ + ZB‘Z , where the wavelength
A is in the unit of um. Prior to engmeering zero dispersion
wavelength (ZDW) of our own silicate glass fibers, we have
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Fig. 17.  ZDW versus refractive index for fuse silica and some Schott glasses.

TABLE I
DISPERSION OF IN-HOUSE SILICATE FIBER AT DIFFERENT WAVELENGTHS

A (pm) 1.5 1.54 1.72 1.8 2.0
Slope 50217 -0.0175 0 0.0083  0.0283
(ps/nm)
Dispersion
(ps/km.nm) -18.08 -16.53 0 6.92 23.58

investigated dispersion properties of some commercial glasses
with the parameters published on-line [33].

With the published data, we are able to calculate ZDW of
these commercial materials. Fig. 17 shows the ZDW of the
glasses versus their refractive index. It is clear that these glasses
have quite different refractive index (due to different glass com-
position) and different ZDW. Except for Schott LAK21 glass in
Fig. 17, it is likely that glass ZDW increases with their refrac-
tive index. Since the silicate glass is a kind of multi-component
glasses, we can easily engineer its glass composition to obtain
different refractive index and material dispersion as well.

We have used standard white-light interferometry technique
to characterize the dispersion of our own silicate fibers. As an
example, Table I lists the result for one of single-mode silicate
fibers. The ZDW of the fiber is around 1720 nm, and it exhibits
weakly anomalous dispersion in the 2-um spectral region. Our
calculation indicates that after further introducing waveguide
dispersion by using small-core fiber structure with high NA, the
ZDW of our silicate glass fibers can be easily shifted to 2 ym
spectral region or well beyond.

B. Soliton Pulses With Tm®" - and Ho** -Doped Silicate Fiber

Soliton mode-locking has been demonstrated in a linear-
cavity fiber laser with doped silicate glass fibers with an ex-
perimental setup shown in Fig. 18. The key element used to
start and maintain mode-locking operation of the laser was a
resonant Sb-based saturable absorber mirror. The linear laser
cavity was formed by a SESAM, a pump combiner, a piece of
double cladding Tm?**-doped or Tm®" -Ho®"-codoped sili-
cate fiber with 10 pum core diameter and a fiber loop mirror. The
fiber loop mirror was a 50/50 fiber coupler, and it has an esti-
mated reflectivity of ~ 90% at 2 um. Due to the large difference
in refractive index between passive silica fibers (pigtail fibers
for the combiner and loop mirror) and our silicate active fiber,
we angle-fusion-splice the two different kinds of fibers, so as to
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Fig. 18. Schematic of a mode-locked fiber laser with either Tm>* -doped or
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Fig. 19. Laser spectrum of a mode-locked silicate fiber laser. (a) 30-cm
Tm?>* -doped silicate fiber. (b) 120-cm Tm?* — Ho3 " -codoped silicate fiber.

prevent from any spurious reflection that could be detrimental
to mode-locking operation. The fiber output end was also angle-
cleaved to eliminate back reflection. The input end of the pump
combiner signal fiber was directly butt-coupled to the saturable
absorber mirror.

We have demonstrated soliton mode-locking with both our
Tm?*-doped silicate fiber (with a length of 30 cm) [34]
and Tm?" -Ho®"-codoped silicate fiber (with a length of
120 cm) [35]. Fig. 19 shows typical laser spectra of a mode-
locked fiber laser with Tm®* -doped silicate fiber (left graph)
or Tm** — Ho®"-codoped silicate fiber (right graph). With
30-cm Tm?"-doped silicate fiber, central wavelength of the
mode-locked pulses was around 1.97 pm with a full width half
maximum (FWHM) of ~7 nm. The pulse width was measured
to be about 1.5 ps [34]. The time-bandwidth product was about
0.8, indicating chirping in laser pulses. With 120-cm Tm?"
—Ho3+—codoped silicate fiber, the central wavelength of the
mode-locked pulses was around 2.06 pm with a FWHM spec-
tral bandwidth of ~5 nm and a pulse width of 1.1 ps [35]. The
time-bandwidth product was 0.38, indicating nearly transform-
limited pulses at 2.06 pm.

C. GHz-Rate Mode-Locking Near 2 pim

High repetition rate mode-locking was also demonstrated in
a Tm*"-doped fiber laser. A short linear cavity with a short
piece of Tm®" -doped fiber core-pumped at 1.56 zzm was used
to achieve GHz-rate mode-locking. One end of the laser cavity
was a SESAM mirror, and the other end was a fiber mirror with
dielectric coating on the SMF-28 fiber end for anti-reflective at
1.55 pm and 80% reflectivity at 2 pum. The shortest laser cavity
was about 10 cm. With this short cavity laser, we obtained mode-
locking operation at a repetition rate of 982 MHz, which is, to
our knowledge, the highest repetition rate of a mode-locked
laser operating at 2 um. Fig. 20 shows radio-frequency spectra
of the laser in CW operation (left) and mode-locking operation
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Fig. 21.  Optical spectra of the stretched-pulse mode-locked fiber laser with
different lengths of the normal dispersion fiber inserted in the laser cavity.

(right). The low signal to noise ratio of the spectra in Fig. 20 was
due to the low sensitivity of the detector at the higher frequency.

D. Stretched-Pulse Mode-Locking

Typical spectral width (FWHM) of our Tm®"-doped or
Tm?" -Ho®" -codoped mode-locked silicate fiber laser was
about 6 ~ 7 nm, which is limited by large amount of anomalous
dispersion in the cavity. In this case, the mode-locked laser op-
erates in the soliton regime, which has limited pulse energy and
peak power due to the soliton effect. In order to achieve broader
laser spectrum and shorter pulse duration, the stretched-pulse
mode-locking was studied in our 2-um fiber lasers. By insert-
ing a piece of 2-um normal dispersion fiber, the total cavity
dispersion was brought down to zero. As a result, the pump
threshold for mode-locking operation slightly increased, and
the mode-locked laser spectrum was significantly broadened.
Fig. 21 shows the typical laser spectral at different lengths of
the inserted normal dispersion fiber. The FWHM spectral band-
width of the laser could be increased from 6 nm to 22 nm while
the NDF length was increased (the total cavity dispersion was
decreased). With 22-nm FWHM, the pulse width was measured
to be 1.4 ps, indicating highly chirping of the output pulses.
Less than 250 fs laser pulses could be expected after pulse
compression.

E. Normal Dispersion Dominated Mode-Locking Regime

When the total cavity dispersion became positive, dissipative
solitons were observed under appropriate pump power and cav-
ity dispersion. The highly-chirped dissipative soliton pulses had
pulse duration of about 724 fs. Using a piece of SMF-28 fiber
as a pulse compressor, the pulses were compressed to 140 fs, as
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Fig. 22.  Autocorrelation curve of a Tm®* -doped mode-locked fiber laser in
anormal dispersion dominated regime after pulse compression by using a piece
of SMF28 fiber. Inset is the corresponding laser spectrum.

shown in Fig. 22. However, a significant change in spectral line-
shape of the pulses was seen before and after pulse compression,
which was attributed to nonlinear effects in the fiber compres-
sor, such as SPM. The inset of Fig. 22 shows the laser spectrum
after pulse compression. Considering the large bandwidth of the
pulse spectrum, less than 100-fs pulses should be achieved if the
nonlinear effects are eliminated by using an appropriate bulky
grating pair.

F. Mode-Locking Fiber Amplifier

Our Tm®" -doped silicate fibers have also been used to build
fiber amplifiers to boost the energy of the mode-locked laser
pulses. With a stretched-pulse mode-locked seed laser (0.3-nJ
pulse energy), we obtained 20-nJ pulses with 16-kW peak power
at a repetition rate of 34 MHz from a 10-pm fiber amplifier with
a 30-cm-long Tm-doped silicate fiber. When using 22-pm-core
and 0.06NA Tm?" -doped silicate fiber with a length of 45 cm as
the gain fiber (and 1.3-m delivery passive fiber), we obtained a
maximum energy of 36-nJ mode-locked pulses with a measured
pulse width of 1.1 ps, corresponding to ~30-kW peak power.

VII. CONCLUSION

In summary, we have demonstrated various 2-um fiber lasers
by using our proprietary heavily Tm-doped and/or Ho-doped sil-
icate fibers, including single-frequency fiber lasers, wavelength-
swept fiber lasers, Q-switched nanosecond fiber lasers,
picoseconds/femtosecond mode-locked fiber lasers operating in
different regimes. The multi-components silicate glass fibers of-
fer unique features as the gain fibers not only for various laser
oscillators, but also for fiber amplifiers for their power scaling.
These mid-infrared fiber lasers can be very useful light sources
for many scientific and industrial applications.
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