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fibers advance
fiber-laser capabilities

orty-five vears ago,
only three years af-
ter demonstration
of the first working laser, las-
ing action was observed in

a doped optical fiber." * However, the work
on fiber lasers—or maore broadly speaking,
active fiber devices—only took off after the
development of techniques for reliable fabri-
cation of doped single-mode fiber and fiber-
optic components during the 1980s. Clearly,
the driving force for technological advances
in fiber optics was, and for the most part still
is, optical communications.

Dae to the dramatic impact and commer-
cial success of erbium-doped fiber amplifi-
ers (EDFAS) in the 19905, both the scien-
tific community and the communications
industry have invested heavily in the development of doped
fiber.** As a result, fiber design and fabrication techniques
have advanced at an enormous rate. Profiting from these
developments, both continuous-wave and pulsed fiber la-
sers have evolved into commercial products that are ready
to compete in a significant number of application areas in-
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Multicomponent phosphate
glasses are excellent host
materials for amplifiers and
lasers, offering high solubility

resistance against damage
by high optical powers.
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FIGLIRE 1. Microstructured phosphate glass fibers have cores heavily codoped with
erbium and yiterbium. The central core is formed whan solid rare-earth-doped glass
replaces the areas with one {left) and seven (right] air holes. Both fibers hawve an outer
diameter of 125 pm. (Courtesy The University of Arizona)

clading industrial mate-
rials processing, optical
communications, and
sensing, as well as medi-
cal and military markets,

Advanced glasses

and fiber designs

for rare-earth ions, excellent  To take full advantage
X bt § ; of the potential of fiber
optical properties, and lasers, advanced glass

materials and fiber struc-
tures are a necessity. To-
day, state-of-the-art fibers
tor fiber lasers can be
considered advanced
structural materials incorporating special glass types and
containing structures smaller than one micron (materials re-
search meets nanophotonics). There are many types of active
fibers that can be selected to build an applications-specific
fiber laser. In the selection process, the availability of com-
patible fiber-laser components such as fiber Bragg gratings
(FBGs) must be taleen into account to retain the main fiber-
laser advantage of a robust, all-fiber architecture.

In the early years, active fibers for fiber lasers were ba-
sically a slight variation of data-transmission fibers and



consisted of two low-loss glass materials
and a step-index design for core and clad-
ding; the primary difference being the
doping of the fiber core with rare-earth
ions to achieve the necessary optical gain,
Because of its excellent optical proper-
ties and a manifold of readily available
fiber components, silica has been the base
glass of choice for many vears. Unfortu-
nately, pure silica can incorporate only
very small amounts of rare-earth ions be-
fore microscopic clustering appears and
the emission properties deteriorate.
Among the most promising alternative
materials for fiber lasers are multicom-
ponent phosphate glasses. Known to be

excellent host materials for bulk glass am-

plifiers and lasers, phosphate glasses offer
high solubility for rare-earth ions, resist
damage by high optical powers, and can
be drawn with excellent optical and me-
chanical properties. The main reason for
limited application of phosphate glass to

fiber-laser devices was, until very recently,

their lack of photosensitivity, which pro-
hibited direct writing of gratings into
phosphate-glass fibers.

A major step toward fibers tailor-made
for fiber lasers was the introduction of
double-cladding fiber, designed to en-
able optical pumping with high-power
multimode diode lasers.® Efficient pump-
light absorption and subsequent stimu-
lated emission by rare-earth ions within
the doped fiber core leads to conversion
of high-power but low-brightness input
light into a high-brightness, diffraction-
limited fiber-laser output,

Doped cores with a

Fiber Bragg grating
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very large area are used to

boost output powers and
energy storage becanse
detrimental nonlinear
optical effects and opti-
cal damage are reduced. A
novel concept to increase
the core area while main-
taining single-transverse-
mode operation is the application of mi-
crostructured or photonic-crystal fibers
(PCFs).” These PCFs consist of a regular
array of air holes and a defect in the cen-
ter that defines the core. The most-stud-
ied PCFs with large core areas are fibers
in which one central hole is replaced by a
solid core; however, large core areas can
also be realized with designs in which
more than one central air hole is removed
{tor example, fibers with seven missing
central air holes; see Fig 1).% While most
PCFs are made of silica, some micro-
structured fibers have recently been fab-
ricated from soft glass materials.® When
the core area of these fibers is doped with
rare-earth ions, such large-core, highly
doped PCFs can be used to build very
compact fiber lasers.

Watt-leval fib P T
att-lev lase with

FEG
Single- trcqu;nﬂ htlcr laaera find app]u_a
tions in optical sensors and communica-
tion systems. The fabrication of compact,
single-frequency fiber lasers was enabled
by the development of FBGs. Exclusive
oscillation of just one laser mode in a lin-

ear cavity can be achieved by combining

Passive signak-output fibear
with single-mode core

FPump-delivery fiber
with multimade

FIGURE 2. A very compact distributed-Bragg-reflector
fiber laser s composed of rare-sarth-doped phosphate
glass photonic-crystal fiber as the amplifying medium. The
cladding-pumped fiber laser generates mora than 2 W of
single-frequency emission.

narrowband FEGs with short, rare-earth-
doped, single-mode active fibers, How-
ever, the required short cavity length and
the corresponding small pump absorp-
tion typically limits the power of single-
frequency erbium-doped silica fiber lasers
to power levels from hundreds of micro-
watts to a few milliwatts!” Recently, phos-
phate glass fiber with high rare-earth-ion
concentration in the core was utilized

to significantly increase the absorption

of single-mode pump light; 200 mW of
single-frequency emission was demon-
strated.!! In such a core-pumping scheme
the oscillator power is still limited to a few
hundreds of milliwatts by the available
single-mode pump power.

By combining highly erbinmfytter-
bium {Er/Yh)-codoped phosphate glass
fiber with the PCF concept for large-area
single-mode cores, our group has demon-
strated a single-frequency fiber laser that
is pumped by high-power multimode di-
ode lasers (see Fig. 2).1* The fiber oscillator
contains only 3.8 cm of active phosphate
glass PCF with the geometry of seven
missing air holes previously described. A
linear laser cavity is formed between a
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FIBER FABRICATION, continued

Active phosphate-glass fiber with

broadband dielectric mirror on highty doped single-mode core

the pump side that transmits the

Pump-delivery fiber
with multimode core

980 nm pump light and is a high DFI:I s S f
asar

reflector for the signal in the ' DFE g'ralir'-g
3 : i emisslion

1.55 pm Er emission band and a
narrowband FBG at the output T s oty

i ft ; Emission intensity Emission
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sion wavelength. In this cavity, L {nm)
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cy light beam with a fiber-laser B0dE | 1537l

output power of 2.3 W, -60 !
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The distributed-feedback (DFEB)
laser is a well-known alternative
to single-frequency laser cavities
that use FBGs. A DFB laser cav
ity is formed by a phase-shifting
defect inside a grating structure.
The rather simple fabrication of
these devices involves imprinting a grat-
ing structure into an appropriate doped
fiber. However, building a DFB laser re-
quires that the doped fiber is photosen-
sitive—a feature lacking in most glasses

are demonstrated.

15354

with high solubility to rare-earth ions.
Very recently we demonstrated a DFB
fiber laser based on highly doped and also
ultraviolet (U'V)-photosensitive phos-
phate glass (see Fig. 3).'° To our knowl
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FIGURE 3. A cladding-pumped distributed-feedback fiber laser
{top) and its performance characteristics (bottom) are made
possible by a 3.5-cm-long grating written into the highly ErY -
codoped single-mode phosphate glass fiber from which it is
made. High side-mode suppression and wide wavelength tuning

edge, this is the first DFB fiber
laser that is pumped by multi-
mode diede lasers lannched into
the fiker cladding, a feat made
possible because the core of the
single-mode gain fiber is fab-
ricated from phosphate glass
that is highly doped with 1.1 x
10% Er** ions/m” and 8.6 x 1026
Yt ions/m>. The DEB grat-

ing structure is written directly
into the doped fiber by exposure
to 193 nm UV light through a
phase mask. The grating struc-
ture consists of a 2-cm-long
section close to the pump side
and a 1.5-cm-long section at the
single-mode DFB emission side
that are separated by a 50-pum-
wide gap that creates the defect
state inside the grating’s reflec-
tion band. The asymmetric de
sign results in unidirectional

DFEB laser emission to the left.

With the multimode pump-delivery
fiber spliced to the active fiber, this laser
device contains no moving or adjust-
able parts and shows very stable single-
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