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THREE-LEVEL SYSTEM FIBER LASERS
INCORPORATING AN ALL-SOLID
PHOTONIC BANDGAP FIBER

CROSS REFERENCE TO RELATED
APPLICATION

This application claims filing benefit of U.S. Provisional
Patent Application Ser. No. 62/925,966, having a filing date
Oct. 25, 2019, which is incorporated herein by reference in
its entirety.

FEDERAL RESEARCH STATEMENT

This invention was made with Government support under
Grant No. W911NF-17-1-0454, awarded by the Joint
Directed Energy Transition Office and the U.S. Army
Research Office. The Government has certain rights in the
invention.

BACKGROUND

The characteristics of most radiative emissions are deter-
mined by the intrinsic nature of the active species and the
microscopic environment immediate to the active species.
Laser emissions, however, can be controlled by a macro-
scopic environment. For instance, the development of pho-
tonic bandgap fibers (PBF) has made laser emission wave-
length control possible by allowing only certain wavelengths
to be confined in the laser cavity. The impact of this has been
significant, as it has been used to provide laser architectures
that enable many new wavelengths of efficient laser opera-
tions and consequently many new applications.

Fiber lasers have been one of the most successful tech-
nology commercialization stories of the past two decades.
They are critical manufacturing tools used in many indus-
tries for marking, engraving, scribing, sintering, heat treat-
ing, dicing, trimming, cutting, welding, and material pro-
cessing, as well as in many medical, scientific, and defense
applications. Unfortunately, fiber lasers are limited in pro-
viding the high peak powers required for many other poten-
tial applications, such as micromachining applications. This
is primarily due to the strong nonlinearities in the tightly
confined small core at high peak powers.

Ytterbium (Yb) solid-state lasers are ideal candidates to
overcome many limitations of fiber lasers due to the possi-
bility of a large beam size. All-solid double-clad photonic
bandgap fibers (AS-PBFs) have been used to suppress
Yb-amplified spontaneous emission (ASE) at shorter wave-
lengths, enabling high-power lasers above 1150 nm. AS-
PBFs have also been formed that can enable efficient Yb
fiber lasers at about 1018 nm by suppressing Yb ASE at the
longer wavelengths. Many applications, such as industrial
micromachining applications, also require lasers capable of
single-mode operation at powers in excess of 100 W at
smaller wavelengths, such as about 980 nm, as pump lasers
for pulsed solid-state lasers.

Many gain mediums common in fiber lasers exhibit
competing 4-level and 3-level emission systems. FIG. 1
illustrates the competing transitions for Yb-doped gain
mediums, which is one such material. Yb fiber lasers operate
in the 1030 nm to 1080 nm wavelength range via the 4-level
system but can also operate at about 976 nm via the
competing 3-level system. As shown in FIG. 1, in a 3-level
system, the laser transition ends on the ground state. In
addition, the unpumped gain medium exhibits strong
absorption on the laser transition (FIG. 2), and a population
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inversion and, consequently, net laser gain will result only
when more than half of the active material is pumped into
the upper laser level. As a result, the threshold pump power
for a 3-level system is fairly high. In the competing 4-level
system, a lower threshold pump power can be achieved in
which the lower laser level of the transition is well above the
ground state and is quickly depopulated, e.g., by multi-
phonon transitions. Ideally, no appreciable population den-
sity in the lower laser level will occur even during laser
operation, and reabsorption of the laser radiation is avoided
(provided that there is no absorption on other transitions). As
such, there is no absorption of the gain medium in the
unpumped state. Due to such features, the 4-level transition
system has been foundational for industrial high-power fiber
lasers.

3-level systems have been examined for use in certain
applications (e.g., amplifiers in dense wavelength-division-
multiplexing optical communication systems and ultrafast
solid-state fiber lasers) but have not been heavily pursued as
3-level systems display poor efficiencies and low powers in
practical laser configurations. Conventional methods for
mitigating these issues have been based on cladding pump-
ing and large core-to-cladding ratios, which lower the inten-
sity of the laser relative to that of the pump, thereby allowing
the required high inversion to be maintained at relatively
lower pump powers. This conventional approach results in
reduced unused pump (i.e., residual pump) but produces
only limited performance improvements in practical high-
power fiber lasers, since single-mode operation sets an upper
limit on core diameter and a large core-to-cladding ratio
therefore sets an upper limit on cladding size, and conse-
quently, available pump powers.

Ideally, to obtain a fiber laser that operates at high power
in the 3-level system regime, the competing 4-level system
should be suppressed. Unfortunately, the separation of the
laser emission wavelength and the ASE peak wavelength is
often quite small, e.g., about 50 nm, in an Yb system, and
4-level system suppression presents a significant challenge.
Moreover, to suppress the operation of the 4-level system,
higher inversion is required and has to be maintained
throughout the fiber, causing a large amount of the pump to
leave the fiber and to detrimentally affect the power and
efficiency ratings. For instance, the most advanced practical
Yb laser systems currently known can only provide a few
watts of single-mode power at 976 nm at low pumping
efficiencies. The inability to suppress the 4-level system,
while maintaining high power output, high efficiency, and
good mode quality, for the competing 3-level system
severely limits the growth of many laser-based industrial
applications.

What is needed in the art is a method for forming all-solid
photonic bandgap fibers that can suppress the 4-level system
transitions of the gain medium. 3-level system fiber lasers
incorporating such PBF that can operate at high power with
high pumping efficiency and good beam quality would be of
great benefit.

SUMMARY

According to one embodiment, disclosed is a 3-level
system fiber laser that includes an optical pump and an all
solid, single-mode photonic bandgap fiber (PBF) in optical
communication with the pump. The PBF includes a core, a
waveguide cladding external to the core, and a pump clad-
ding external to the waveguide cladding. The core has a first
cross-sectional dimension of about 20 micrometers (um) or
greater and includes a gain medium capable of operating as
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a 4-level system having a first emission wavelength and also
as a competing 3-level system having a second emission
wavelength. The waveguide cladding has a second cross-
sectional dimension, and the ratio of the first cross-sectional
dimension to the second cross-sectional dimension is 15% or
greater. The waveguide cladding includes a series of nodes
surrounded by a background material. The waveguide clad-
ding defines a transmission band of the PBF. The first
emission wavelength falls outside of the transmission band,
and the second emission wavelength falls within the trans-
mission band. The 3-level system fiber laser can deliver a
laser signal at or near the second emission wavelength at an
average power of about 50 Watts or greater and with a power
efficiency of about 60% or greater and/or a diffraction
limited mode quality (M?) of about 1.3 or less.

Also disclosed is a method for forming a 3-level system
fiber laser. A method can include forming a solid, single-
mode photonic bandgap fiber (PBF) to include a core with
a first cross-sectional dimension of about 20 um or greater.
The PBF core includes a gain medium capable of operating
as a 4-level system having a first emission wavelength, and
as a competing 3-level system, having a second emission
wavelength (e.g., an Yb-doped core). The method also
includes forming a waveguide cladding external to the core.
The waveguide cladding includes a series of nodes sur-
rounded by a background material, and the individual nodes
of the wave-guide cladding are designed (e.g., having a
predetermined size) such that the PBF defines a transmission
band with the first emission wavelength falling outside of
the transmission band and with the second emission wave-
length falling within the transmission band. The waveguide
cladding is formed to have a second cross-sectional dimen-
sion, and the ratio of the first to the second cross-sectional
dimensions is 15% or greater. A method can also include
forming a pump cladding external to the waveguide clad-
ding.

BRIEF DESCRIPTION OF THE FIGURES

A full and enabling disclosure of the present subject
matter, including the best mode thereof to one of ordinary
skill in the art, is set forth more particularly in the remainder
of the specification, including reference to the accompany-
ing figures in which:

FIG. 1 illustrates the energy levels for Yb-doped gain
medium, including the competing 3-level system and 4-level
system transitions.

FIG. 2 illustrates the absorption and emission cross-
sections for Yb-doped gain medium.

FIG. 3 illustrates several different designs for PBF as
described herein.

FIG. 4 schematically illustrates one embodiment of a
3-level system fiber laser as described herein.

FIG. 5 schematically illustrates one embodiment of a
3-level system fiber laser as described herein.

FIG. 6 presents the cross-section of an Yb-doped PBF
fiber used in the Examples section.

FIG. 7 presents the bend loss measured from a passive
PBF (coil diameters are shown in the legend).

FIG. 8 illustrates a laser configuration used in the
Examples section.

FIG. 9 illustrates the measured and simulated pumping
efficiencies versus coupled pump powers (slope efficiencies)
versus fiber length for the fiber laser of FIG. 8 at 976 nm
emission and 915 nm pumping (signal loss: 0.02 dB/m,
pump loss: 0.02 dB/m) for a number of laser arrangements.
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FIG. 10 presents the measured thresholds versus fiber
length for the fiber laser of FIG. 8 at 976 nm emission and
915 nm pumping.

FIG. 11 presents the ratio of output powers of laser 1 to
laser 2 for the laser configuration of FIG. 8 for various
counter-pumping schemes.

FIG. 12 presents the ratio of output powers of laser 2 to
laser 1 for the laser configuration of FIG. 8 for various
co-pumping schemes.

FIG. 13 presents at (a) the output powers of laser 1 and
laser 2 and residual pump versus coupled pump power and
at (b) M? measurement for the laser configuration of FIG. 8
with 9 m of the PBF.

FIG. 14 presents spectra of laser 1 of the laser configu-
ration of FIG. 8 with 9 m of the PBF at various powers with
a wide spectral range.

FIG. 15 presents spectra of FIG. 14 close-in at the lasing
wavelength.

FIG. 16 presents output powers for seed on and off versus
coupled pump powers at about 915 nm for a counter-pumped
amplifier using 3.5 m PBFE.

FIG. 17 presents spectra for seed on and off at various
pump powers at about 915 nm for the counter-pumped
amplifier using 3.5 m PBFE.

FIG. 18 presents the differential spectra for various pump
powers at about 915 nm for the counter-pumped amplifier
using 3.5 m PBF.

FIG. 19 schematically illustrates the configuration of an
Yb-based 3-level-system monolithic fiber laser system used
in the Examples section.

FIG. 20 provides laser performance versus active fiber
length for the laser configuration of FIG. 19.

FIG. 21 provides data regarding measured output versus
pump power for the laser configuration of FIG. 19 with 12.3
m PBF.

FIG. 22 provides data regarding measured output versus
spectra for the laser configuration of FIG. 19 with 12.3 m
PBF.

FIG. 23 provides M? measurement at output of 3 W and
150 W for the laser configuration of FIG. 19 with 12.3 m
PBF.

FIG. 24 illustrates results of a laser stability test at 75 W
following use for 60.8 hrs.

Repeat use of reference characters in the present specifi-
cation and drawings is intended to represent the same or
analogous features or elements of the present invention.

DETAILED DESCRIPTION

Reference will now be made in detail to various embodi-
ments of the disclosed subject matter, one or more examples
of which are set forth below. Each embodiment is provided
by way of explanation of the subject matter, not limitation
thereof. In fact, it will be apparent to those skilled in the art
that various modifications and variations may be made in the
present disclosure without departing from the scope or spirit
of the subject matter. For instance, features illustrated or
described as part of one embodiment, may be used in
another embodiment to yield a still further embodiment.

Disclosed are efficient 3-level system fiber lasers and
methods for forming the fiber lasers. The fiber lasers incor-
porate an all-solid photonic bandgap fiber (PBF) that can be
designed so as to inhibit transmission over a predetermined
wavelength range and thereby suppress the competing and
more efficient 4-level system of the gain medium. 3-level
system single mode fiber lasers as described can operate at
high power and high-power efficiency with diffraction lim-
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ited mode quality. For instance, disclosed fiber lasers can
operate at an average power of about 50 W or greater, such
as about 70 W or greater, about 80 W or greater, about 100
W or greater, or about 150 W or greater in some embodi-
ments, such as from about 50 W to about 200 W. In addition,
the fiber lasers can have very high peak powers of about 100
W or greater, about 200 W or greater, or up to several
hundred Watts in some embodiments. Beneficially, disclosed
fiber lasers can provide high power with high-power effi-
ciencies, generally greater than about 60%, or greater than
about 70% in some embodiments. As utilized herein, the
term “power efficiency” is intended to refer to the power
output of a laser relative to the coupled pump power of the
laser. Disclosed 3-level system fiber lasers can also provide
a diffraction limited beam, with a M? of about 1.3 or less,
about 1.2 or less, or about 1.1 or less in some embodiments.

The all-solid PBF can provide major benefits to 3-level
system fiber lasers incorporating the fibers. For example,
they allow robust single-mode operation of coiled fibers at
large core cross-sectional dimensions (e.g., diameters), and
therefore, enable large core-to-cladding ratio. In addition,
through design of the waveguide cladding of the fibers, the
fibers provide efficient suppression of the 4-level system by
distributed loss arising from placing these lasing wave-
lengths outside the bandgap. Moreover, as the PBF are
flexible, they can be readily integrated into all-fiber mono-
lithic fiber lasers, unlike previously known rod-type pho-
tonic crystal fibers. In addition, the 3-level systems
described herein can be mostly inhomogeneously broadened
with a full width at half maximum (FWHM) bandwidth of
about 1 to about 2 nm in some embodiments.

FIG. 3 schematically illustrates several different embodi-
ments of PBF as may be incorporated in a 3-level system
fiber laser as described herein. As illustrated, the PBF can
include a solid core 10, a solid waveguide cladding 12, and
a pump cladding 19. The solid waveguide cladding 12
includes a number of nodes 14 surrounded by a background
material 16 that together form a cladding lattice. As shown
in FIG. 3, the cladding lattice including the nodes 14
surrounded by the background material 16 can extend from
an outer boundary of the solid core 10 and across the
cross-sectional dimension d of the PBF to the inner bound-
ary of the pump cladding 19, with an outer portion of the
waveguide cladding 12 being formed of only the back-
ground material 16 and absent of nodes 14. This is not a
requirement of disclosed PBF, and in other embodiments,
the waveguide cladding 12 can include a node lattice across
the entire waveguide cladding from the boundary with the
core 10 to the outer boundary of the waveguide cladding 12
with the pump cladding 19.

The core 10 and the waveguide cladding 12 can have a
cross-sectional shape of any suitable geometry. For instance,
the core 10 of each fiber of FIG. 3 is hexagonal. Other core
cross-sections can be formed, however, including circular or
non-circular cores including polygons of any number of
sides. In addition, in those embodiments in which the core
has a polygonal cross-section, the individual sides of the
polygon can be equal to one another or can differ. Likewise,
for the waveguide cladding 12, the outer cross-section can
be circular, as in the PBF of FIG. 3, or can be non-circular,
including D-shaped, elliptical, polygonal (e.g., rectangular
or hexagonal), etc., one embodiment of which is illustrated
in FIG. 6. In addition, the core 10 can be centered within the
waveguide cladding 12 or can be off-centered, as is known.

The PBF of disclosed laser systems can include a core 10
having a relatively large cross-sectional dimension to allow
robust single-mode operation. For instance, the core 10 can
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have a cross-sectional dimension of about 20 um or greater,
about 25 pm or greater, about 30 um or greater, or about 40
pum or greater in some embodiments. In some embodiments,
the core 10 can have a cross-sectional dimension of about
100 pm or less. In addition, the core/cladding ratio of
disclosed fibers can be 15% or greater, or about 20% or
greater in some embodiments. As utilized herein, the core/
cladding ratio refers to a cross-sectional dimension of the
core (e.g., a diameter) and a cross-sectional dimension of the
fiber that spans the core and the cladding (e.g., the dimen-
sion “d” in FIG. 3).

In the present disclosure, geometric relationships of a
PBF that includes a non-circular core and/or clad, e.g., an
ovoid or polygonal core and/or clad, can be determined
using the smallest cross-sectional dimension of the area. For
instance, in the PBF of FIG. 3, each PBF illustrated has a
corner-to-corner core dimension D1 and a side to side core
dimension D2. As utilized herein, a defined cross-sectional
dimension of such a fiber can be understood to refer to the
smallest of the cross-sectional dimensions of the non-circu-
lar area (D2 in the illustrated examples of FIG. 3). Thus, the
core/clad ratio of a PBF that includes a non-circular core
and/or clad refers herein to the ratio of the shortest cross-
sectional dimension of the core (e.g., D2 in FIG. 3) to the
shortest cross-sectional dimension that crosses the entire
waveguide cladding and the core surrounded by the wave-
guide cladding (e.g., d in FIG. 3).

The PBF can include a one or more laser active ion
dopants in the core 10 to provide the gain medium of the
fiber. In one embodiment, the 3-level system fiber lasers can
utilize an Yb-based fiber gain medium. As discussed previ-
ously, the 3-level system of Yb-based fiber lasers having
emission at approximately 976 nm has attracted much
attention, as high-powered diffraction-limited systems in a
range around this emission (e.g., from about 975 nm to about
985 nm) could be utilized in new applications such as
micromachining applications. Moreover, high-powered 976
nm fiber lasers as described herein can also be frequency-
doubled to 488 nm for additional applications such as
pumping Ti: Sapphire lasers near its peak absorption and
underwater applications such as communications and sens-
ing.

It should be understood, however, that disclosed systems
are in no way limited to Yb-based lasers. Specifically, other
active materials are encompassed herein, and disclosed
methods can be applied to provide other 3-level systems that
can generate efficient and high-power lasers at many new
wavelengths. By way of example and without limitation, the
gain medium of a PBF utilized in disclosed lasers can
incorporate laser active ion dopants including, and without
limitation to, neodymium, ytterbium, erbium, thulium, pra-
seodymium, and holmium, as well combinations of one or
more laser active dopants.

The core 10 can include the active material as a dopant in
any suitable host material including crystals, glasses, or
semi-conductors as are known in the art. For instance, the
core 10 can include host material such as, and without
limitation to, oxides of silicon, germanium, aluminum,
boron, phosphorus, titanium, alkali- and alkali-earth metals,
as well as similar glasses. Furthermore, the core 10 can also
include one or more dopant materials in addition to the
active material, such as fluorine (F), chlorine (Cl), chro-
mium (Cr), nickel (Ni), selected rare earth elements, tran-
sition metals, and so forth.

In one embodiment, the core 10 can be designed to
mitigate photo-darkening, which is an issue with certain
gain mediums, such as Yb-based fiber lasers due to their
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high inversions. In one embodiment, photo-darkening can be
mitigated by incorporating aluminum (Al) in the core with
a high Al-to-Yb ratio (e.g., about 3 or greater), or alterna-
tively, by including both cerium (Ce) and Al doping in the
core. In another embodiment, the carrier material of the core
can include phosphosilicate glass, which has demonstrated
good photo-darkening suppression (Suzuki, et al., Optics
Express, Vol. 17, No. 12, Jun. 8, 2009, pp. 9924-9932).

As illustrated, the PBF include a series of nodes 14 in the
waveguide cladding. The nodes 14 of the waveguide clad-
ding are designed to define the bandgap of the fibers and
thereby suppress transmission of the 4-level system of the
gain medium. For example, through design of the cross-
sectional dimension of the nodes 14, the bandgap of a PBF
can be shifted to ensure that the 3-level system emission is
within the transmission band and the 4-level system emis-
sion is outside of the transmission band. In general, the
individual nodes 14 of a PBF can have a cross-sectional
dimension of about 0.5 um or more; for instance, about 1 um
in some embodiments, such as from about 0.5 pm to about
10 um, or from about 1 um to about 5 um. In addition, the
individual nodes 14 of a waveguide cladding do not need to
have the same dimensions as one another.

The nodes 14 of the waveguide cladding 12 can be
arranged in any two-dimensional pattern in the cross-sec-
tional dimension of the PBF, such as a linear pattern, a
triangular lattice pattern, a honeycomb lattice pattern, a
square lattice pattern, or a rectangular pattern structure,
examples of which are provided in FIG. 3. In addition, the
pitch (i.e., the center-to-center distance between adjacent
nodes 14) can generally be between about 2 pm and about
20 um; for instance, from about 3 pm and about 15 um, or
from about 5 um and about 10 um, in some embodiments. It
should be understood, and as illustrated in FIG. 3, the nodes
do not need to be arranged with identical pitch between all
nodes.

In some embodiments, the waveguide cladding 12 can
include multiple different spacing between individual nodes
14, e.g., smaller spacing (minimum pitch) between selected
nodes and larger spacing (maximum pitch) between selected
nodes, with other pitch widths in between, if desired, so as
to form a cladding lattice having a cladding design with
larger and smaller background areas 16 surrounded by nodes
14. In general, in such an embodiment, the largest back-
ground spaces will be smaller in cross-sectional area than
the core 10, so as to minimize fundamental mode loss in the
PBF.

The pattern of the individual nodes 14 forming the
cladding lattice will not generally affect the location of the
bandgap, and the size of the individual nodes 14 of the
cladding lattice will be the primary parameter used to
control the bandgap location. However, the pattern of the
cladding lattice can be utilized to define the core cross-
sectional dimension and maximize the core-to-clad ratio for
the core cross-sectional dimension.

The nodes 14 and the background 16 can differ in refrac-
tive index, and the nodes 14 and the core 10 can differ in
refractive index. In addition, the refractive index of the
background 16 can be the same or differ from the refractive
index of the core 10. For instance, in one embodiment, the
background 16 and the core 10 can be formed of the same
material but for the presence of the active material in the
core 10.

At least a portion of the nodes 14 can have a higher
refractive index as compared to the background 16. Dopants,
as are generally known, can be utilized to control the optical
indices of the core 10, background 16, and nodes 14. For
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instance, germanium, phosphorous, and titanium are known
to cause an increase in refractive index (decrease in light
velocity), while boron and fluorine cause a decrease in
refractive index (increase in light velocity). By way of
example, in one embodiment, the background 16 can be
formed of silica and the nodes 14 can be formed of silica
doped with a material, e.g., germanium oxide (GeO,), that
can increase the refractive index of the nodes 14 as com-
pared to the background 16.

The relationship between the refractive index of the nodes
14 and the background 16 can be described by the relative
node index which is defined as

ACR)=((7=1,)/(2m,7))x 100

in which:

A is the relative node index,

n, is the refractive index of the nodes 14 (In those
embodiments in which the nodes are not all identical to
one another, n, refers to the highest refractive index
material of the nodes), and

n, is the refractive index of the background 16.

The relative node index can generally be between about
0.5% and about 5%; for instance, between about 1% and
about 4%.

Referring again to FIG. 3, a PBF can also include a pump
cladding 19. During use, pump energy can be injected into
the pump guide to pump active ions in the core 10, and the
pump cladding 19 can have an effective lower refractive
index as compared to the background 16 that can be devel-
oped either by using, e.g., a low index material such as a
fluorine-doped silica glass, or a suitable polymer coating
such as a low index acrylate, or air-hole structures com-
prised mainly of air and a small amount of a glass. The
presence of the pump cladding can restrict the pump light
essentially to the waveguide cladding 12.

In one embodiment, the PBF can be formed according to
a fiber drawing process. For instance, a preform can first be
formed including multiple rods, each rod corresponding to a
portion of the core or a clad, with the rods arranged in the
desired geometry to build a preform stack, as is known.
Following arrangement of the rods to form the preform
stack, the preform stack can be placed into a furnace to fuse
the rods and form a cane. In one embodiment, the cane can
be surrounded by an outer cylinder, e.g., a cylinder of a
low-index glass, that can form the pump cladding of the final
fiber. In other embodiments, the pump cladding can be
formed from capillaries in the preform. The cane can then be
sealed in a larger tube; for instance, with a cap mounted at
one end for the vacuum connection. A vacuum can then be
connected so as to dry and purge the fused preform, and the
PBF can be drawn. In one alternative embodiment, multiple
canes (for instance, from a few millimeters to a few centi-
meters in diameter) can be individually drawn, and the canes
can then be subsequently drawn to form a fiber.

The preform can be drawn into the PBF according to
standard methodology, such as via a fiber drawing tower that
includes a hot zone. The hot zone can apply heat that is
sufficient to soften the pump cladding, the waveguide clad-
ding, the core, and any other sections of the preform.
Temperatures for the hot zone during a drawing process can
depend upon materials included in the preform, the size of
the preform, and the targeted size for the fiber, as is known.
For example, the draw temperature at which the core and the
waveguide cladding are at a viscosity to provide an accept-
able draw can be between about 1500° C. and about 2200°
C.; for instance, between about 1925° C. and about 2050° C.,
in one embodiment.
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In general, the draw can be carried out under an inert
atmosphere and the preform can be drawn from a first end
to form the PBF that can then be collected; for instance,
wound on a mandrel.

Laser systems, as may incorporate the PBF fibers, can
encompass any suitable design, such as and not limited to,
laser systems utilizing any 4-level system as is known. For
instance, a laser system can be single pumped or double
pumped with counter-pumping or co-pumping as is known.
In one embodiment, a 3-level system laser incorporating the
PBF fibers can utilize a monolithic fiber laser design, but this
is not a requirement of disclosed systems, and in other
embodiments, a free-space design can be utilized. A mono-
lithic fiber laser design can be preferred, in some embodi-
ments, in which all fibers of the system are fully spliced
without any free-space optics as there are no movable parts
in this design, and furthermore, the high-power optical beam
can remain fully inside the flexible fibers. This can improve
robustness, stability, and reliability of a fiber laser. More-
over, once splicing procedures are established in a mono-
lithic fiber laser design, there are no adjustments necessary
in a production process, which can lower cost and improve
repeatability of laser production.

One embodiment of a 3-level system laser is illustrated in
FIG. 4. In this embodiment, the laser can include a single
pump diode 20 coupled to a delivery fiber 22, e.g., a fiber
including a silica core and a doped silica cladding, such as
a fluorine-doped silica cladding. The delivery fiber can be a
typical pump delivery fiber, such as a 105/125 pump deliv-
ery fiber having a 105 um core and a 125 pm fiber diameter.
The system can also include an isolation fiber 24, e.g., an
erbium (Er)-doped fiber, for isolation of the laser from the
pump diode. The system can include one or more PBF 30,
as described herein, with suitable couplers including pho-
tosensitive fibers 25, 26, which can vary depending upon the
nature of the coupling (e.g., reflective vs. output) and fiber
Bragg gratings 28 (FBG) as are known in the art. Such a
single-pumped system can deliver a laser output 23 at a
power of, e.g., about 50 W to about 150 W, with high
pumping efficiency, e.g., about 60% or greater.

In another representative embodiment, illustrated in FIG.
5, a3-level system laser can be a double-pumped system. As
illustrated, this system includes two pump diodes 20 and can
optionally also include a seed laser 32 that can inject light at
the output wavelength. The system can also include a
coupler, including a photosensitive fiber 25 and an FBG 28,
as known, that can couple the input beams to the PBF 30.
The output 33 of a double-pumped system can be quite high;
for instance, about 150 W or greater, or about 200 W or
greater in some embodiments, while maintaining high
pumping efficiency, e.g., about 60% or greater. In those
embodiments in which the seed laser 32 is used, the pho-
tosensitive fiber 25 and an FBG 28 will not be used.

The output of a system can then be utilized in any suitable
fashion. By way of example, in one embodiment, the output
of'the laser, 23 (FIG. 4), 33 (FIG. 5), can be utilized to pump
a solid-state laser.

The present disclosure may be better understood with
reference to the Examples set forth below.

Example 1

An all-solid PBF including an Yb-doped gain medium
was formed. The cross-section of the PBF fiber is shown in
FIG. 6. The fiber had a polygonal core with corner-to-corner
cross-sectional dimension of 24 um and side-to-side cross-
sectional dimension of 21 pum. The polygonal wave-guide
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cladding had a corner-to-corner cross-sectional dimension of
131 um and side-to-side cross-sectional dimension of 124
um, as shown in FIG. 6. A multiple-cladding-resonance
design was used for enhanced higher-order-mode suppres-
sion to provide robust single-mode operation in the core.
The fiber was coated with low index acrylate as a pump
cladding to provide a pump numerical aperture (NA) of
about 0.46.

The bandgap position in wavelength was adjusted as
described to provide low loss in the core for the desired
3-level laser operation at approximately 976 nm and high
loss in the core for the 4-level laser operation above 1010
nm.
The core was formed of 0.5 mol % Yb-doped phospho-
silicate glass. The nodes in the wave-guiding cladding were
formed of approximately 20 mol % germanium-doped silica
with a peak NA of 0.27, each with a node having a diameter
of about 1.3 pm. The nominal center-to-center separation
between adjacent nodes was about 6.1 um. The background
areas were formed of silica. The pump cladding was formed
of low-index acrylic (not shown in FIG. 6). The pump
absorption was measured to be about 1.76 dB/m at 915 nm.

To form the fiber, a passive fiber of identical material
design was initially formed, and its bandgap position was
modified as necessary to obtain the target dimensions for the
active fiber. The background loss for core propagation in the
passive fiber was measured to be around 20 dB/km at about
976 nm. Bend loss was also measured on the passive fiber
for bend diameters of 20 cm, 30 cm and 40 cm. Results are
provided in FIG. 7, showing negligible bend loss for coil
diameters of 20 cm at the lasing wavelength of approxi-
mately 976 nm. The high bend loss at the longer wave-
lengths is related to the long wavelength edge of the band-
gap, which was optimally positioned for the suppression of
the Yb 4-level system without incurring loss on the 3-level
system at 976 nm. The low-loss window was measured to be
around 400 nm wide in a passive fiber and the lower
wavelength edge of the bandgap was ~650 nm for the active
fiber.

The basic laser arrangement was a counter-pumped con-
figuration shown in FIG. 8. DM on the figure refers to a
dichroic mirror and HR refers to the fiber Bragg grating
(FBG) high reflector (>99.5%). A few other alternative
arrangements were also used including 4%+4%: straight
cleaves at both fiber ends; 4%+HR: straight cleave at the
pump end and HR at the other end; 1%+HR: 1% FBG output
coupler at the pump end and HR at the other end; angle+HR:
angled cleave at the pump end and HR at the other end;
angle+angle: angled cleaves at both ends. FBGs were writ-
ten in-house using a frequency-quadrupled YAG laser at 266
nm. A matching 25/125 pm photosensitive fiber was made
in-house for the HR FBGs. The all-solid PBF could be easily
spliced like conventional fibers. For some arrangements,
several different fiber lengths were also tested. This was
done by repeatedly cutting back the same fiber. The coil
diameter was 10 cm in all cases. Several coil sizes were
tested down to 10 cm and very little efficiency degradation
was found at 10 cm. Outputs at both fiber ends were
monitored along with residual pump. The pump was deliv-
ered in a 0.22 NA 105/125 um fiber. A 100 W 915 nm pump
diode was initially used.

The power efficiency of the laser was simulated using a
homemade MATLAB® code taking account of local pump,
signal, and ASE powers in both directions, as well as local
inversion. All of the optical powers were initially propagated
forward numerically with appropriate boundary conditions
at the fiber input and guessed values were used for all other
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parameters which could not be determined. Once the propa-
gation reached the fiber end, only the appropriate parameters
at the output end were reset by the required boundary
conditions and all the optical powers propagated numeri-
cally backward. Once the input was reached, only the
appropriate parameters at the input were reset by the
required boundary conditions. This was repeated until
numerical convergence was achieved. The simulation was
performed for 4%+4%, 4%+HR, and 1%+HR, shown in
FIG. 9. Both outputs were considered for the efficiency
calculations. The efficiencies were very close in these three
simulations. There was only a small difference for shorter
fibers, mostly due to the different total cavity losses, with
lower total cavity loss leading to slightly higher efficiency.

Slope efficiency was also measured in a number of
configurations. Laser outputs from both ends were added for
the calculation of the efficiency. Results are shown in FIG.
9. The 4%+4% arrangement was used initially, since this
was the easiest to test. A power efficiency of approximately
72.6% was achieved with a 10 m fiber. Maximum output for
laser 1 (pump end) was 19.9 W and for laser 2 was 31.5 W
in this case. The M? for the laser 1 (pump end) was measured
to be about 1.3.

Several other configurations were also tested. This
included 4%+HR, angle+HR, and angle+angle. The high
cavity gain was sufficient to enable lasing for schemes with
not only one angled cleave but two angled cleaves, albeit
with a slight efficiency reduction. The efficiency decreased
beyond 10 m. This was expected when inversion fell too low
far from the pump end, also evidenced by an increase in
threshold with longer fibers, shown in FIG. 10.

The ratio of output powers of laser 1 to laser 2 was also
maximized for counter-pumping schemes (FIG. 11), and the
ratio of output powers of laser 2 to laser 1 for co-pumping
schemes (FIG. 12). Using HR FBG with a reflectivity >99%
typically over ~2 nm in wavelength, output was still
observed passing through the FBG HR (laser 2). A typical
laser output spectrum had a 3 dB bandwidth of 1-2 nm and
10 dB bandwidth of ~4 nm. The ratio of outputs of laser 1
to laser 2 was maximized with the angle+HR scheme for the
counter-pumping case, shown in FIG. 11. These indicated a
strong ASE nature of the fiber lasers, where a higher
reflection at the pump end increased laser 2 output, vice
versa for laser 1 output. The ratio also decreased for long
fiber lengths. A significant amount of light at the laser
wavelength was also observed in the cladding for laser 2
when using long fibers in the counter-pumping cases, shown
in FIG. 11. For the co-pumping schemes in FIG. 12, the ratio
of output of laser 2 to laser 1 was maximized for the
HR+angle scheme, i.e., HR at the pump end.

The output powers of laser 1 and 2, along with residual
pump power, are plotted in FIG. 13 at (a) for the angle+HR
configuration with 9 m fiber length and a 200 W 915 nm
pump diode. M? was measured to be 1.11 and 1.12 respec-
tively for the two axes at 80 W for laser 1 (FIG. 13 at (b)).
M? was also measured at several other powers throughout
the output power range and was found to change very little.
The efficiency with regard to the coupled pump power was
62.7% for just laser 1 output. The efficiency of the combined
output powers of laser 1 and laser 2 with regard to the
absorbed pump power was about 94%, at the quantum limit.
For most of the lasers tested even involving fibers which had
been repeatedly used over many months, the efficiency of
the combined output powers with regard to the absorbed
pump power was mostly very close to the quantum-limited
efficiency, a testament to the low excess loss and photo-

25

40

45

12
darkening of the fiber (FIG. 14, FIG. 15). The ASE at ~1026
nm was well suppressed with signal-to-noise ratio >40 dB
(FIG. 14).

In order to measure the homogenous linewidth of the
transition at 976 nm, measurement of spectral hole burning
was attempted. A counter-pumped amplifier was set up using
3.5 m fiber with both ends angle-cleaved. A single-mode
diode at about 976 nm was used as the seed laser. 519 mW
was launched into the fiber after passing a fiber-coupled
isolator. The spectral linewidth of the seed laser could not be
fully resolved by the OSA with 20 pum resolution. For each
pump power, two spectra were collected, one with the seed
off and one with the seed on. The respective powers at the
output were also measured after the pump was rejected by a
dichroic mirror.

The output powers for both seed on and seed off are
plotted versus coupled pump powers in FIG. 16. The spectra
for seed on and seed off for three pump powers at 3.3 W, 13.2
W and 42.8 W are given in FIG. 17. The OSA spectral
resolution was 20 um for all spectra collected. At the low
pump power of 3.3 W, the seed laser spectrum could be
clearly seen to be resolution limited without any side bands.
At pump powers of 13.2 W and 42.8 W, spectral hole
burning could be clearly seen by comparing the spectra for
seed on and off. At the pump power of 42.8 W, lasing could
be seen at approximately 978.2 nm. The spectral difference
between seed on and off are plotted in FIG. 18 for various
pump powers in order to see the spectral hole burning
clearly. The FWHM of the spectral hole was about 1 nm. It
is worth noting the significant depth of the spectral hole of
up to 6 dB in this case, indicating the emission at approxi-
mately 976 nm was mostly inhomogeneously broadened.
The low saturation intensity and inhomogeneous nature of
the emission can easily explain the observed broad laser
linewidth. This was believed to be the first time that spectral
hole burning has been observed in an ytterbium-doped fiber.

Example 2

A fiber laser operating at approximately 978 nm was built
using an Yb-doped PBF as described in Example 1. The
laser achieved continuous wave output power of 151.4 W
with laser slope efficiency of 63%, which increased maxi-
mum output power by a factor of about 2 while maintaining
the high laser efficiency as described in Example 1, above.

The basic laser arrangement was a counter-pumped
monolithic configuration shown in FIG. 19 with two pump
diodes at ~915 nm (200 W, 0.22NA 105/125 um) spliced to
a 2+1 pump combiner. Three meters of 20/105 um Er-doped
fiber with a highly Er doped core (7 wt % Er) coiled at 5 cm
in diameter was used in each pump path to absorb any
backward propagating leakage light at the lasing wavelength
at approximately 978 nm. Pump loss at about 915 nm was
measured to be about 0.1 dB for the 3 m Er fiber and about
0.46 dB for the pump combiner. The high-reflectivity FBG
was written in-house using a frequency-quadrupled YAG
laser at 266 nm in a 24/125 um photosensitive fiber which
was also made in-house. The FBG had a reflectivity of >99%
and a bandwidth of ~2 nm. The output was angle cleaved.

The length of the bandgap fiber was optimized first by
progressively cutting back the bandgap fiber while fully
characterizing the laser performance. The bandgap fiber was
coiled to 15 cm diameter, and the residual pump light, as
well as the light at the lasing wavelength (laser 2), were
monitored at the far end.

Laser efficiency, total efficiency, residual pump as per-
centage of the launched pump power, and laser 2 as per-
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centage of the launched pump power are shown versus the
photonic bandgap fiber length in FIG. 20. Laser efficiency
accounted for only output power from the pump combiner
with respect to the launched pump. Total efficiency
accounted for both laser output powers with respect to the
launched pump. Residual pump was determined with respect
to the launched pump power. Laser 2 was determined with
respect to the launched pump.

As indicated in FIG. 20, the optimized fiber length was
about 13 m, and a 12.3 m fiber was used in the final
experiment because the same piece of active fiber had been
used for several measurements. Eventually, the active fiber
was shortened over the course of the work due to cut-back
measurements and fiber cleaving.

Output powers using a single pump and a double pump
are shown vs. pump power in FIG. 21 and vs. the spectra in
FIG. 22 at various powers. These output power data do not
include the output power at laser 2. A maximum output
power of 90.9 W at the output was achieved with a single
pump and 151.4 W with double pumping, limited by avail-
able pump powers in each case. The corresponding output
for the double pumping at laser 2 was 7 W, i.e., 4.4% of a
total power of 158.4 W. With double pumping, the efficiency
was about 63% and about 75.4% with regard to the launched
pump power after the combiner and absorbed pump power,
respectively. The efficiency of about 63% was at the same
level as the efficiency of 62.7% that was achieved in the
free-space bulk optics laser configuration of Example 1, but
in this system, much higher output power was achieved
using the monolithic configuration. The ASE from the
4-level system was well suppressed to below 40 dB at
highest laser output power.

The M? at approximately 150 W was 1.25/1.24 (FIG. 23),
which was also found to be almost constant across the whole
power range. The M? at approximately 3 W was 1.20/1.21.

The Yb phosphosilicate core glass used in the PBF is
known for high resistance to photo-darkening, and it exhib-
ited negligible degradation of laser performance over a
period of several months and numerous tests. A long-term
power stability experiment was conducted over approxi-
mately 60 hours with a single-pump configuration under the
output power at approximately 75 W. Results are shown in
FIG. 24. Apart from some power fluctuations in the few
percent levels, most likely due to temperature changes in the
area, there was very little sign of photo-darkening. The
long-term stability test was performed with only a single
pump so as to ensure safety while running the laser con-
tinuously over the course of the experiment.

While certain embodiments of the disclosed subject mat-
ter have been described using specific terms, such descrip-
tion is for illustrative purposes only, and it is to be under-
stood that changes and variations may be made without
departing from the spirit or scope of the subject matter.

What is claimed is:

1. A solid state laser comprising:

a pump source, the pump source comprising an optical
pump and an all solid, single mode photonic bandgap
fiber (PBF) in optical communication with the optical
pump, the PBF comprising:

i) a core having a first cross-sectional dimension of
about 20 micrometers or greater, the core comprising
a gain medium capable of operating as a 4-level
system having a first emission wavelength and also
as a competing 3-level system having a second
emission wavelength, wherein the emission cross
section of the first emission wavelength in the gain
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medium is less than the emission cross section of the
second emission wavelength in the gain medium,

i) a waveguide cladding external to the core having a
second cross-sectional dimension, the ratio of the
first cross-sectional dimension to the second cross-
sectional dimension being 15% or greater, the wave-
guide cladding comprising a series of nodes sur-
rounded by a background material, the waveguide
cladding defining a transmission band of the PBF,
and

i) a pump cladding external to the waveguide cladding;
wherein

the first emission wavelength falls outside of the trans-

mission band and the second emission wavelength falls
within the transmission band; and wherein
the solid state laser is configured to receive a laser signal
at the second emission wavelength delivered from the
pump source with an average power of about 50 Watts
or greater, a peak power of 100 Watts or greater, and at
a pumping efficiency of about 60% or greater.
2. The solid state laser of claim 1, wherein the pump
source delivers the laser signal at the second emission
wavelength with a diffraction limited mode quality of about
1.3 or less.
3. The solid state laser of claim 1, the gain medium
comprising a laser active dopant selected from neodymium,
ytterbium, erbium, thulium, praseodymium, and holmium,
or any combination thereof.
4. The solid state laser of claim 3, the gain medium
comprising an ytterbium-doped glass.
5. The solid state laser of claim 4, the gain medium
comprising an ytterbium-doped phosphosilicate glass.
6. The solid state laser of claim 1, the series of nodes
comprising individual nodes having a cross-sectional
dimension of about 0.5 micrometers or more.
7. The solid state laser of claim 1, the series of nodes
comprising individual nodes having a cross-sectional
dimension of about 1 micrometer to about 10 micrometers.
8. The solid state laser of claim 1, adjacent individual
nodes of the series of nodes having a pitch of from about 2
micrometers to about 20 micrometers.
9. The solid state laser of claim 1, wherein the pump
source is a monolithic fiber laser.
10. The solid state laser of claim 1, wherein the pump
source delivers a laser signal at the second emission wave-
length with an average power of greater than 100 W and a
peak power of about 200 W or greater.
11. The solid state laser of claim 1, wherein the pump
source delivers a laser signal at the second emission wave-
length with an average power of greater than 150 W.
12. The solid state laser of claim 1, wherein the gain
medium is a Yb-doped gain medium.
13. The solid state laser of claim 1, wherein the PBF has
a length of from 1 meter to 13 meters.
14. A method for forming the solid state laser of claim 1
comprising:
drawing the all-solid, single-mode photonic bandgap fiber
(PBF) from a preform,

sizing individual nodes of the series of nodes of the
waveguide cladding to define the transmission band of
the PBF; and

locating the PBF in optical communication with the

optical pump.

15. The method of claim 14, further comprising locating
the PBF in optical communication with one or more addi-
tional pumps.
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16. The method of claim 14, further comprising locating
the PBF in optical communication with a seed pump, the
seed pump delivering an optical signal to the PBF at the
second emission wavelength.

17. The method of claim 14, further comprising coupling 5
the PBF to one or more additional optical fibers, the cou-
pling being free of any free-space optics.
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