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ACTIVE TAPERSWITH REDUCED NONLINEARITY

CROSS REFERENCE TO RELATED APPLICATIONS
This application is acontinuation of U.S. Patent Application No. 13/339,037,
filed December 28, 201 1, which is continuation-in-part of U.S. Patent Application
No. 12/757,737, filed April 9, 2010, which is acontinuation of U.S. Patent
Application No. 12/545,791, filed August 21, 2009, which claims the benefit of U.S.
Provisional Patent Application No. 61/090,854, filed August 21, 2008, all of which

are incorporated herein by reference.

FIELD
The disclosure pertains to fiber amplifiers and oscillators that include tapered
waveguides that permit multimode propagation but produce amplification and

oscillation in afundamental mode.

BACKGROUND

Over the past twenty years, rare earth (RE) doped optical fibers have had a
tremendous impact on the laser industry. The first application that deployed a
significant volume of rare earth doped optical fiber based devices was optical
amplification in the telecommunications industry. In this application, optical signals
carrying data are sent through single mode fiber typically a awavelength near 1.5
uin. Asthese signals propagate over long distances, they are attenuated due to
scattering and absorption losses in the transmission fiber. By coupling these
transmission fibers to a section of erbium doped fiber that ispumped with a
wavelength near 980 nm or 1480 nm, these signals can be amplified back to their
original intensity level. These devices are commonly known as erbium doped fiber
amplifiers (EDFAS).

When compared with other lasers and optical amplifiers, fiber based devices
typically offer higher gain and higher overal efficiency. Asthe average power
levels, pulse energies and peak powers of fiber lasers and fiber amplifiers continue
to increase, rare earth doped optical fibers have begun to be used in afar broader

range of applications. These applications are found in the medical, industrial,
1
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defense, and semiconductor processing industries.

Increasing the average power of fiber lasers can be limited by the brightness
of laser diode pumps, the ability to couple power into fiber, and nonlinear effects
caused by high optical power. These issues can be effectively addressed using fibers
with large core sizes.

The fundamental transverse mode of an optical fiber has very desirable
characteristics in terms of beam shape, minimum beam expansion during
propagation through free space (often referred to as "diffraction limited") and
optimum focusability. Asaresult, most applications benefit greatly from single
mode, or fundamental mode operation of fiber lasers and amplifiers. Asthe core
size of an optical fiber isincreased to enable greater pulse energies and higher peak
powers, the fiber begins to support the propagation of more than one transverse
optical mode. The number of modes supported by an optical fiber can be roughly
calculated by using the fiber's so-called V-number. The V-number of afiberis
defined asV = 2rma/ANA , wherein a istheradius of the fiber core and NA isthe
numerical aperture of the core. The number of modes supported by the fiber isthen
given by roughly one half the square of the V-number. It can be shown that afiber
with aV-number less than about 2.4 supports the propagation of only the
fundamental mode.

Prior methods of increasing the peak and average powers of multimode
amplifiers are described in Fermann et al., U.S. Patent No. 5,818,630, which is
incorporated herein by reference. A diffraction limited seed sourceis opticaly
coupled to amulti-mode fiber amplifier. Through the use of a mode-converter,
defined as either a set of bulk lenses or atapered section of fiber, the beam sizeis
changed to match as nearly as possible that of the fundamental mode of the optical
fiber. If thisisdone well and the fiber isnot disturbed, this approach can result in
near fundamental mode operation of a multimode fiber amplifier. However, for the
following three reasons, this approach has limited utility in practical applications.
First, most seed lasers cannot be effectively coupled into only the fundamental mode
of amultimode fiber. Even if the seed laser is a single transverse mode laser, unless
the seed laser is afiber laser, the fundamental mode of the seed laser is not the same
as the fundamental mode of an optical fiber. For this reason, even with such amode

2
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converter, higher order modes of the multimode optical fiber will be excited to some
extent. Further, any changes in launch conditions due to, for example, movement or
temperature changes can alter coupling of seed power into each of the numerous
optical modes of the fiber. This causes corresponding changes in output beam shape
and mode quality. In addition, when higher order modes are excited in a multimode
fiber, the output beam shape and mode quality is highly sensitive to both micro and
macro bends in the fiber. The presence of higher order modes can also result in poor
beam pointing stability. Even if a stable package could be developed to prevent
changes in micro and macro bending of the fiber during operation, this bend
sensitivity makes manufacturing challenging as the output is not stable. These
limitations largely render this amplifier configuration impractical for most
commercia applications when not coupled with other mode control techniques.

In other approaches, tightly coiled fibers are used to suppress higher order
modes. This approach results in adistributed bend induced loss that strips the power
from the higher order modes in the amplifier. The induced loss is arelatively strong
function of the spatial order of the fiber mode. For modes that are radially
symmetric, the loss isindependent of the axis of the coil with higher order modes
experiencing higher loss. For modes that are radially asymmetric, thelossis
dependent on the axis of the coil. To ensure sufficient loss for all modes, itis
therefore sometimes required to coil the fiber about one axis follow by acoil on an
axis oriented at 90 degrees with respect to the first one. Amplifiers made in this way
can be designed to operate stably in only the fundamental mode.

Unfortunately, there are also other practical limitations associated with this
design as well. One limitation isthat to strip the higher order modes effectively, loss
isalso created for the fundamental mode. This distributed loss for the fundamental
mode potentially limits the overall efficiency of the fiber amplifier. Another
limitation isthat as the fiber isbent, the effective mode area of the fundamental
beam isreduced. This increases the irradiance of the signal within the fiber and, as
described earlier, leads to increased amounts of nonlinear effects. These nonlinear
effects ultimately limit the peak power capability of the fiber amplifier.

A significant improvement is described by Filippov et a., U.S. Patent
Application Publ. 2010/0247047, disclose using a single-mode fiber asthe rare earth

3
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doped amplifying region in a continuous wave (CW) laser cavity. A high beam
guality can be achieved based on ataper having a smallest cross sectional dimension
that permits only single mode propagation. This approach, athough demonstrated to
have ahigh beam quality, lacks in efficiency and power scaling capability for the
following reasons. The single-mode portion at the smaller end of the taper restricts
the core size to avalue enabling aV-number of less than 2.4. In order to increase the
peak and average power with high efficiency (i.e. to not lose pump power dueto
vignetting) the corresponding pump waveguide, i.e., the cladding size of the single-
mode portion isrestricted by the available pump brightness at the required pump
power level. Therefore to increase the peak and average power, the single-mode
cladding diameter needs to be increased. This leads to alower core/cladding area
ratio, which subsequently reduces pump absorption and makes the amplifier longer,
thus inherently lowering the nonlinear threshold of the system, preventing further
power scaling of high peak power, high average power, and/or spectrally narrow
pul ses.

In view of the above, further improvements in peak and average power of

pulsed fiber lasers require an improved waveguide design.

SUMMARY

Disclosed herein are methods, apparatus, and systems that can reduce
nonlinearities in high power fiber lasers and amplifiers while preserving optical
beam quality. Waveguides such as optical fibers can provide alarge mode areawith
avariable or increasing core size so asto reduce optical intensities, thereby reducing
optical nonlinearities. A tapered waveguide such as an optical fiber having atapered
core can be provided with arare earth or other active dopant. Such an active taper
can be configured as part of an optical amplifier that increases optical power of an
input beam propagating along an axis of the active taper. The taper of the
waveguide can be configured so that optical mode areaincreases along the taper
axis. Inthis way, optical intensity (power/area or irradiance) increases less rapidly
than optical power, thereby tending to reduce the effects of nonlinearities. For
example, such an active taper can be used to amplify a seed optical beam that is

directed along the axis of the taper. If the amplifier provides atotal gaing(z) thatis
4
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afunction of apropagation distance z along the axis of the active taper, for an input
seed of power Py, an input mode field diameter of A (0), and an input intensity of
Po/A (0) the amplified power isPog(2) and the amplified intensity is Pog(2)/A(2),
wherein A (2) isamode area. Thus, while seed power increase as g(2), seed intensity
increases only asA (0)/A(2).

An active taper can be configured to provide arelatively large mode area for
alowest order mode or other mode at both an input and output of the active taper. In
some examples, the input defines afew mode fiber. The active taper can include a
variable mode core that has across-section, diameter or other dimension that can
increase, decrease, or otherwise vary arbitrarily, but typical variations are adiabatic.
Variable mode cores are cores that can support varying numbers of modes as well as
cores that support afundamental mode at different diameters. Cross-sectional areas
or core dimensions can vary according to avariety of functions such aslinear,
logarithmic, or hyperbolic tangent functions, or an error function. In addition, any
non-tapered portions of an active taper prior having relatively small dimensions are
preferably short so that a substantial portion of the active taper has arelatively large
core size. An active taper can be coupled or spliced to large mode area fibers of
compatible optical characteristics. By exciting only the fundamental mode of the
low nonlinearity active taper, stable single-mode amplification can be achieved.

Active tapers can be situated for either co-propagation pumping or counter-
propagation pumping. Fiber or free space optical components can be built using the
low nonlinearity active taper such as active combiner or free space multiplexer to
counter pump the amplifier.

The core of the low nonlinearity active taper can also be confined doped in
order to achieve better beam quality conservation than that typically of fully doped
cores. Confined doping significantly reduces the higher order mode content as such
modes tend to have lower gain than the fundamental mode throughout their
propagation in the taper. In addition, confined doping can result in better overlap of
the fundamental mode with the fiber gain.

In some examples, active tapers include a variable mode core doped with an
active rare earth dopant and extending along ataper axis. Aninner cladding is

situated about the variable mode core, the inner cladding having an average
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refractive index lower than an effective refractive index of the variable mode core.
An outer cladding is situated about the inner cladding, the outer cladding having a
refractive index lower than the refractive index of the inner cladding. In typical
examples, the variable mode core has a core diameter that changes monotonically or
non-monotonically along the taper axis. In representative embodiments, the variable
mode core includes an input section in which the variable mode core is afew mode
core or a single mode core and an output section in which the variable mode coreis
amultimode core. In some embodiments, the variable mode core has a core

diameter 4, that isafunction of position along the taper axis, and the dopant in the

core
variable mode core i s confined to adiameter that isless than 0.99. 0.95, 0.9, 0.8, 0.6,
or 0.5 deore OF extends throughout the core. In typical examples, the variable mode
core has afirst section in which acore diameter increases monotonically, and a
second section coupled to the first section in which the variable mode core diameter
decreases monotonically, and the first section and the second section are adjacent.

In additional examples, a smallest core diameter of the first section is adjacent a
smallest core diameter of the second section.

In representative active tapers, aratio of adiameter of the variable mode core
to adiameter of the inner cladding and the outer cladding is constant along the taper
axis. Inparticular examples, at least one of the inner cladding and the outer cladding
has avariable refractive index so asto decrease an effective refractive index of the
variable mode core. In other examples, at least two stress elements such as stress
rods are configured to produce birefringence in the variable mode core. In other
aternatives, the variable mode core and the inner and outer claddings have circular
cross sections, or the variable mode core is abirefringent variable mode core. Some
example active tapers include an outer layer of apolymer or metal on the outer
cladding. In other examples, the outer cladding has apolygona or D-shaped cross
section.

Optical amplifiers comprise an active taper that includes arare earth doped,
variable mode core surrounded by at least an inner cladding. An optical pump is
situated so asto direct pump optical radiation to at least arare earth doped portion of
the variable mode core. A mode filter is coupled to the active taper, and situated so

astoreceive an input optical signal and deliver amode filtered optical signal to the
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variable mode core. In some embodiments, the active taper includes an outer
cladding about the inner cladding, and the variable mode core and the inner and
outer claddings have circular cross-sections. |n representative examples, at least a
portion of the pump radiation is coupled to the rare earth doped portion of the core
from the inner cladding, and the optical pump includes at least one semiconductor
laser, afiber laser, or other laser. Typicaly, the variable mode core has afew mode
portion situated so asto receive the mode filtered optical signal, and the mode
filtered optical output has amode profile corresponding to a mode profile associated
with afew mode portion. In some examples, the rare earth dopant in the variable
mode core is confined to adiameter of less than 0.8 times the variable mode core
diameter. In other examples, the active taper is apolarization dependent active
taper. In alternative embodiments, the polarization dependent active taper includes
at least one of an elliptical variable mode core or the inner cladding includes at least
two stress elements configured to produce birefringence in the variable mode core.
In other examples, the variable mode core has a monotonically increasing core
diameter along the axis. In other examples, acladding is situated about the variable
mode core having arefractive index profile selected to decrease the effective
refractive index of the variable mode core.

Optical amplifier systems comprise an optical resonator defining an optical
cavity having an axis and arare earth doped variable mode core situated in the
optical cavity aong the axis. An optical mode controller is situated in the optical
cavity along the axis and configured to attenuate higher order modes associated with
the variable mode core. In some examples, at least one seed laser is situated so asto
direct a seed beam aong the axis. Intypical examples, the seed laser is configured
to provide a seed beam propagating substantially in alowest order mode of therare
earth dope variable mode core, and the seed beam has a wavelength corresponding
to gain bandwidth of the rare earth variable mode core. In some embodiments, an
inner cladding and an outer cladding are situated about the rare earth doped variable
mode core. The optical cavity can be defined by afirst reflector and a second
reflector, or at least one fiber Bragg grating, dielectric mirror, or afiber end facet.
In some examples, the optical cavity is apolarization dependent optical cavity. In
additional examples, anon-linear optical element and/or a pulse compressor is

7
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situated to receive an optical output from the optical cavity.
These and other features and advantages of the disclosed technology will be

apparent from the following detailed description and the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. lisaperspective view of an active taper that includes afew mode input
section.

FIG. 2 isasectiona view of an active taper that includes aplurality of
tapered sections and having amonotonic taper. The active taper can be formed in a
single fiber or as aplurality of discrete tapered sections that are spliced together.

FIG. 3isasectiona view of an active taper that includes aplurality of
tapered sections and having non-monotonic taper.

FIG. 4 illustrates an active taper in which avariable mode core i s decentered
with respect to a cladding.

FIG. 5isaschematic diagram of arepresentative optical amplifier that
includes avariable mode active taper.

FIG. 6 isaschematic diagram of arepresentative laser system that includes a
variable mode active core.

FIG. 7 isasectiona view of an active taper configured for co-propagating
pump radiation.

FIG. 8isasectional view of an active taper configured for counter-
propagating pump radiation.

FIG. 9isaschematic diagram of an active taper configured to be coupled to
pump and seed optical beams with afiber multiplexer or other combiner.

FIG. 10 is aschematic diagram of arepresentative arrangement of fiber
sections coupled by active tapers.

FIG. 1lisablock diagram of arepresentative method of controlling optical

nonlinearities.

DETAILED DESCRIPTION
Asused in this application and in the claims, the singular forms "a," "an,"

and "the" include the plural forms unless the context clearly dictates otherwise.
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Additionally, the term "includes" means "comprises." Further, the term "coupled"
does not exclude the presence of intermediate elements between the coupled items.
The systems, apparatus, and methods described herein should not be
construed as limiting in any way. Instead, the present disclosure isdirected toward

al novel and non-obvious features and aspects of the various disclosed
embodiments, alone and in various combinations and sub-combinations with one
another. The disclosed systems, methods, and apparatus are not limited to any
specific aspect or feature or combinations thereof, nor do the disclosed systems,
methods, and apparatus require that any one or more specific advantages be present
or problems be solved. Any theories of operation are to facilitate explanation, but
the disclosed systems, methods, and apparatus are not limited to such theories of
operation.

Although the operations of some of the disclosed methods are described in a
particular, sequential order for convenient presentation, it should be understood that
this manner of description encompasses rearrangement, unless aparticular ordering
isrequired by specific language set forth below. For example, operations described
sequentially may in some cases be rearranged or performed concurrently. Moreover,
for the sake of simplicity, the attached figures may not show the various ways in
which the disclosed systems, methods, and apparatus can be used in conjunction
with other systems, methods, and apparatus. Additionally, the description
sometimes uses terms like "produce” and "provide" to describe the disclosed
methods. These terms are high-level abstractions of the actual operations that are
performed. The actua operations that correspond to these terms will vary depending
on the particular implementation and are readily discernible by one of ordinary skill
in the art.

Propagation in circularly symmetric dielectric optical waveguides such as
optical fibersisdescribed in some representative examples. Fibers are generally
based on refractive index differences between afiber core and one or more fiber
claddings. In some examples, double or triple clad fibers can be used, in which a
single mode (or few mode) core is situated within an inner clad, and one or more
outer claddings. However, other waveguides can be used such as hollow

waveguides or photonic crystal waveguides, and waveguides need not be symmetric.
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In some examples, polarization retaining optical fibers can be used which typically
are asymmetric in order to maintain polarization of input optical signals.

For convenience, propagation in an optical fiber or other flexible waveguide
i s described with reference to apropagation axis that follows waveguide curvature,
and need not be a straight line axis. Asused herein, avariable mode corerefersto a
core of awaveguide such as an optical fiber that i s configured to support different
numbers of propagating modes along an axis of the waveguide. For example, a
variable mode core can vary so asto be a single mode core, afew mode core, or a
variable mode core as afunction of position. A variable mode core (or acladding)
can be doped with an active dopant such as arare earth element. For example, one
or more of holmium, bismuth, erbium, ytterbium, neodymium, dysprosium,
praseodymium, and thulium can be used as adopant. Dopant can be provided
throughout a core or cladding or can be confined to aparticular portion of the core
or cladding. Asused herein, aconfined doping refers to a core doping with active
ions within aportion of acore that isless than the full core diameter or effective
cross-sectional area, and typically restricted to avolume defined by a diameter or
effective diameter that isless than about 0.2, 0.4, 0.5, 0.75, 0.8, 0.9, 0.95, or 0.99
times the core diameter or core effective diameter. In some examples, activeion
dopant extends throughout the core. For convenience, an effective diameter isa
diameter associated with acircular cross-section having the same area as the core
cross-sectional area. Asused herein, pump radiation is optical radiation at
wavel engths suitable to produce optical gain in adoped core and seed radiation is
radiation at wavelength within a gain bandwidth of apumped, doped core.
Waveguides are generally described herein with reference to optical fibers having
circular cross-sections, but arcuate, éliptical, polygonal, D-shaped, or other cross-
sections can be used. In addition, across-section of acladding can have such cross-
sections as well.

Fibers that support afew modes are used and are referred to herein as "few
mode" fibers. Such fibers have anormalized frequency parameter (V-number)
defined asV = (2ma/A) (.2 - Nu,a2)¥2, Wherein A isvacuum wavelength, a isa
fiber core radius, and n. e, Ny,d are fiber core and fiber cladding refractive indices,
respectively. A total number M of modes supported by afiber ism = 4V23n?. For

10
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single mode fibers, V isless than about 2.405. Asused herein, afew mode fiber is
defined as afiber for which aVV-number isless than about 2.5, 3, 3.5, 4, 4.5, 5, 7.5,
or 10, and in typical examples, few mode fibers have 30 or fewer modes. In other
examples, multimode fibers can beused. Typically core diameters for single mode
fibers range from about 2 to 100 pun, about 3to 25 pun, or about 5to 12 wn, and
cladding diameters range from about 25 to about 1000 win. In some examples,
fibers are based on a step in refractive index between acore and acladding. In other
examples, fibers are defined by providing air holes (typically arranged in an array)
in adielectric materia to form so-called photonic crystal fibers. Using holes in this
way permits small refractive index differences, permitting single mode fibers to
have large mode field diameters. Tapers and active tapers can be provided in these
and other types of waveguides.

In some examples, so-called double clad and/or double core fibers are used.
A double clad fiber typically includes acore, an inner cladding, and an outer
cladding. The core istypically selected to define a single mode (or few mode)
waveguide, while the inner cladding defines amultimode core. Generally, a
refractive index difference between the inner cladding and the outer cladding is
relatively large so that a numerical aperture of the multimode waveguide defined by
the inner and outer claddings can be large. A double core fiber typically includes a
first (inner) core, a second (outer) core, and an outer cladding. Thefirst coreis
selected to define a single mode (or few mode) waveguide prior to any tapering.
The second core i s selected to define a single mode (or few mode) waveguide after
tapering. Generally refractive index differences between first core, second core, and
outer cladding arerelatively small. In other examples, triple clad fibers are used
having a glass or silica outermost cladding to provide superior operation at elevated
temperatures.

Asdefined herein, atapered core isacore of an optical fiber or other
waveguide extending along apropagation axis and having avariable cross section
along the axis. A tapered core can have a monotonically increasing or decreasing
core cross-section or other dimension. In some examples, tapered cores permit
propagation of one, afew, or many optical modes at different locations along the

tapered core. Asused herein, an effective tapered core refers to acore of an optical
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fiber or other waveguide in which a cladding dimension or cladding refractive index
varies so as to produce an associated variation of modes that propagate in the core.
In addition, an effective tapered core aso refers to acore in which acore refractive
index varies so asto produce an associated variation of modes that propagate in the
core. An outside diameter of afiber or other waveguide that includes atapered core
can be constant or variable, and can have a similar or different cross section than a
core or cladding.

A taper length is generally selected based on pump radiation absorption as
determined by core to cladding arearatio, dopant concentration, and absorption
cross section at apump wavelength of interest. Dopant concentrations are generally
selected to provide absorption of pump radiation that can be characterized by loss
per unit length. Typica values are between about 1 dB/m and 100 dB/m for pump
radiation at or near an absorption maximum associated with a particular dopant.
Pump radiation istypicaly directed into one or more claddings and then coupled to
and absorbed in adoped core.

In some disclosed examples, active tapers are of one piece, monolithic
construction such by drawing ataper precursor or preform. Active tapers can aso
be formed by splicing or otherwise connecting one or more fibers or fiber tapers.

Theor etical Background
A key concern in amplifying temporally short pulses isthe nonlinear
threshold of the amplifying media. The thresholds for stimulated Brillouin and

Raman scattering can be expressed with a generalized equation:

A
Threshold e« C, 1

L s

o SNL
wherein Cy;. is anonlinear coefficient (Brillouin or Raman), A is an effective area
of the signal, L is an effective amplifier length, and gn, is anonlinear gain
(Brillouin or Raman). Theratio A 4/ L ratio of the waveguide should be
maximized or made as large as practical in order to permit high peak and average
power operation or otherwise provided enhanced amplification while suppressing
nonlinear effects.
The effective length of an amplifier such as adouble clad fiber amplifier is
12
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mainly defined by the pump absorption properties of the waveguide. If the pump is
assumed to be multimoded and coupled to the cladding, cladding absorption can be
characterized with an absorption coefficient a that can be conveniently expressed in
units of dB/m. In typical examples, an effective length can be defined by apump
absorption for a specific application and the pump absorption selected as preferred.
Generally, an effective fiber length L 4 is associated with total pump power
absorption, and thus L 4 is proportional to 1/a. Absorption of pump radiation
propagating in a cladding isbased on an overlap of the multimode-propagating
pump radiation in the cladding and the rare earth doped core, i.e. by theratio of the

Bl
Qoc| L1,
¢,

wherein d; is ataper input core diameter and ; is ataper input cladding diameter. In

core/cladding areas, so that

some examples, this ratio in constant along ataper axis, but core and cladding
diameters can vary independently. Pump brightness (or radiance) is generaly
limited by the current state of pump source technology (for example, the availability
of high power, high brightness semiconductor lasers or other sources), and therefore
@i isproportional to the achievable pump brightness, which at any giventimeis
constant. Thus, the optimized absorption oy and the effective length of an active
taper scale as

1

2
aop,ocdi :>Leﬁ “?

In alarge mode area active taper, the average effective area of the waveguide is
between the effective area of the input and the effective area of the output. By
simplifying, it can therefore be said, that

Ay o< (d +d,),
wherein d, isthe output diameter of the amplifier active taper core (d, > d,). The
objective of the analysis was to maximize the nonlinear threshold of the active taper.

To conclude,

A
Threshold o Leﬁ o dF (@ +a, ).
off
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Thus, to reduce nonlinearities in an active taper, the input core diameter ¢; should be
made as large aspossible. A core diameter associated with multimode or few mode
propagation for the active taper permits increased peak and average power signal
amplification. Second, while the output core diameter d, is of lesser importance, this
diameter too should be large or maximized in so far as practical. Generally an active
taper output core diameter is defined by, for example, practical manufacturing and
fiber handling limitations. Third, the taper input cladding diameter ¢i is defined by
the required pump power and available pump brightness.

In order not to limit the achievable average and peak powers, the corein the
input and output of the active taper preferably supports few mode or multimode
propagation, and core diameter variations along a core axes (longitudina core
diameter variations) are preferably adiabatic in order to obtain high efficiency and
good beam quality. A mode filter or mode converter can be used to couple seed
radiation to apumped active taper so that the seed radiation excites only or primarily
the fundamental mode of the active taper, thus preventing beam quality or efficiency
degradation. Asused herein, amode filter preferably couples at least 50%, 60%,
75%, 90%, 95%, or 99% of a seed beam into alowest order mode of an active taper.

Further enhancement of multimode active taper physical parameters can take
into account modal coupling and subsequent beam quality degradation. Fermann et
a., U.S. Patent 5,818,630, which isincorporated herein by reference, discloses
microbending induced mode coupling. Using the notation defined above, a mode
coupling coefficient (D) according to Fermann can be expressed as:

d’

D W :

In awaveguide having apredetermined d/ ¢ ratio and a constant wavelength, an
active taper typically exhibits decreased mode coupling, thus increasing the beam
quality, in comparison to afiber having aconstant core diameter d,and a constant
cladding diameter g,,.

An active taper that permits few or multimode propagation in the taper core
at least at some locations can be coupled or spliced to, for example, apassive few
mode or multimode fiber. If the passive fiber and the core of the active taper have
similar mode field diameters (i.e., have similar numerical apertures and core
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diameters) at the coupling, only the fundamental mode of the active taper can be
excited. Therefore, unless power is scattered out of the fundamental mode and into
higher order modes, the amplifier operates as afundamental mode amplifier with
increased nonlinear threshold.

In representative examples, active waveguides such as active fibers are
configured so that thresholds for nonlinear effects are increased because fiber core
diameters in ataper reduce optical intensity. Bend induced losses tend to be
reduced, so that optical amplifiers using active tapers can operate with increased
efficiency. In addition, an active taper need not be tightly coiled, and exhibits little
or no bend induced reduction in mode areas. Active taper output can bein a
fundamental mode which iswell suited for typical applications.

In optical amplifiers based on the disclosed active tapers, the active taper is
situated so that core and/or cladding cross-sectional dimensions or areas increase
from an input end to an output end. In some examples, a core/cladding dimensional
ratio remains constant over some or al of ataper length. A transition region from a
first to a second core area, diameter, or other dimension can be gradual or abrupt,
and can be preceded or following by untapered sections. By positioning a small core
areato large core areatransition at or near ataper input, an amplified optical beam
will propagate primarily in the larger core/cladding section of the taper, reducing
nonlinearities that scale with irradiance. The length of the transition may be short or
long, and typically is gradua enough that amplified optical beam continues to
propagate in alowest order mode. The taper can be based on one or more
longitudinal profiles such as alinear profile, alogarithmic profile, an error function
profile, or ahyperbolic tangent profile, or combinations these and other profiles.
Transition lengths and longitudinal profiles can be selected in manufacturing of fiber
tapers by selected a speed and acceleration during perform drawing. For example, a
sudden change in draw speed (acceleration) corresponds to arelatively abrupt size
change, while a slower change in draw speed will corresponds to a more gradual
taper.

An active taper for an optical amplifier or oscillator can be co-pumped or
counter pumped, or both. In aco-pumped amplifier, the pump propagates in the
same direction as an input seed beam. The seed beam and pump radiation are
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coupled into the active taper a an input end. In acounter-pumped configuration, the
pump propagates in adirection opposite to that of the seed optical beam. Counter-
pumped amplifiers can exhibit nonlinear thresholds that are higher than those
associated with co-pumped configurations. Intypical examples, the seed optical
beam is coupled into an active taper and propagates throughout the taper from a
smaller core section to alarger core section. A passive fiber can be used to deliver
the seed optical beam to the active taper, and can be spliced or otherwise coupled to
the active taper. A passive fiber having amode field diameter (MFD) that isthe
same or substantially the same asthat of an input portion of the active taper input is
preferred to conserve the (good) beam properties of the seed optical beam. The seed
optical beam can also be coupled into the active taper using free space optics.

Pump radiation can be coupled in an active taper at a seed input (co-pumped)
or at an output (counter pumped) using various techniques. For example, the pump
can be coupled using afeed through (N + 1):1 fiber multiplexer, allowing the seed
beam and the pump radiation to be coupled into the active taper. A fiber multiplexer
can also be used at ataper output for additional pumping. The feed through fiber is
substantially continuous and can be selected so as have a MFD that corresponds to
the taper input or output. Alternatively, the feed through fiber can be apassive or
active fiber, or beincluded in an active taper. Free space optical devices or
multiplexers can also be used to couple pump radiation at the taper input or output,
but fiber based devices are generally more convenient.

Active tapers can also include polarization maintaining optical fibers. For
example, stress rods can be provided in apreform used to produce the variable mode
core or the active taper. In addition, the active taper core can be provided with a
confined doping, and dopant need not extend to al portions of the core. Typically,
confining doping to amore central region produces superior beam quality than a
fully doped core because confined doping tends to reduce the gain of the higher
order modes.

A representative actively doped taper 100 isillustrated in FIG. 1. The taper
100 includes afirst fiber waveguide section 102 (also referred to as an input
section), atapered region 104, and a second fiber waveguide section 106 (also

referred to asthe output section). Asshown in FIG. 1, the active taper is situated
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along an axis 101. The input section 102 and the output section 106 define an input
core 112 and an output core 114 having respective core diameters d;, and d .
respectively. The taper 100 aso includes acladding 120 having input and output

cladding diameters % and D _,, respectively. For convenient illustration, only a

out
single cladding is shown, but tapers can include one, two, or more claddings. In
addition, protective buffer coatings are not shown in FIG. 1.

The tapered region 104 is associated with avarying core diameter that
increases from d,, tod,,, over the tapered region. A core/cladding interface 130
associated with the varying core diameter is shown as a smooth curve, and such a
curve can be asimple linear taper, or acomplex taper based on apreferred taper
shape. Typicaly, avariation in core diameter per unit length is selected so that the
taper is a so-called adiabatic taper and a single mode optical signal propagating in
the input section 102 continues to propagate in a single, lowest order mode to the
output section 106. Asused herein, ataper slope isdefined as change in core
diameter per axial length, and an adiabatic taper in a single mode or few mode core

isataper having ataper slope that isless than about AJ(n core), O less than the

core d

core numerical aperture, wherein n_ . and d__ . are core refractive index and

core core

diameter, and A isan intended wavelength of use. One or more or both of ataper
core or cladding can be provided with an active dopant such arare earth dopant such
as ytterbium, erbium, neodymium, praseodymium, thulium, samarium, holmium
dysprosium, atransition metal, or a semiconductor. Taper lengths can be in arange
of from about 0.1 cm to 25 m, 0.2 cm to about 2 m, 0.5 cm to about 1.5 m, or about
0.5 cm to about 10 cm, but longer or shorter tapers or tapered sections can be used.
Typically, afiber/taper combination has atotal length of less than about 0.5 to 5 m.
The tapered region 104 exhibits increasing core and cladding diameters, and
typically aratio of core diameter to cladding diameter (&/D) remains approximately
constant for fiber tapers formed using apreform having a constant diameter. As
configured for use as an amplifier in which nonlinear effects are to be reduced, the
active taper isconfigured so that an input signal propagates from an input end 116 to
an output end 118, and an input mode field 122 increases in cross-sectional area as
input beam irradiance or beam power increases. Asshown in FIG. 1, the input mode

field 122 and an output mode field 124 are preferably lowest order modes of the
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input section 102 and the output section 106, respectively.

With reference to FIG. 2, arepresentative active taper fiber waveguide 200
includes acladding 202 and a core 204 that extend aong an axis 201 and are
configured to define a step index fiber. Intypical applications, an input optical
beam isdirected to an input surface 206 that is associated with a smaller core
diameter so asto exit at an output surface 208. In the example of FIG. 2, the
cladding 202 is shown as having aconstant thickness and tapering diameter, but in
other examples, the cladding thickness varies with changes in core diameter. The
active taper 200 includes aplurality of sections 211-214, each which can have
differing tapered core/cladding boundary profiles 221-224, respectively, and can
have different core dopants, dopant concentrations p; p,, p,, p,, dopant spatial
distributions, or core or cladding refractive indices. Asshown in FIG. 2, the section
214 has a zero dope taper 224, i.e., isuntapered, while the sections 211-213 have
differing tapers. For convenient illustration, the tapered boundaries 221-224 are
shown as linear tapers, but each of the sections 211-214 can be different tapers that
are based on linear or nonlinear tapers such as those based on logarithmic,
polynomial, hyperbolic, or other functions. The tapered sections can be formed in a
single fiber, or formed as discrete sections that are spliced together.

With reference to FIG. 3, another representative active taper fiber waveguide
300 includes a cladding 302 and acore 304 that extend along an axis 301 and are
configured to define a step index fiber. Aninput optical beam istypically directed
to an input surface 306 that is associated with a smaller core diameter so asto exit at
an output surface 308. The active taper 300 includes aplurality of sections 311-315,
each which can have differing tapered core/cladding boundary profiles 321-325,
respectively, and can have different core dopants, dopant concentrations, dopant
spatial distributions, or core or cladding refractive indices. Asshown in FIG. 3, the
section 315 isuntapered and undoped, while the sections 311-314 have differing
tapers and respective dopant concentrations p;, p,, p,, p,- Asnoted above, tapered
boundaries 321-325 are shown as linear tapers, but each can be based on one or
more linear or nonlinear tapers such as those based on logarithmic, polynomial,
hyperbolic, or other functions. In addition, the waveguide 300 can be formed in a

single fiber or by splicing aplurality of sections together.
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FIG. 4 illustrates arepresentative fiber 450 that includes atapered core 452
that defines apropagation axis 458. A tapered cladding 454 is situated about the
core 452, but isnot centered on the axis 458. Offsetting the tapered core 452 with
respect to the tapered cladding 454 can permit more efficient pumping of the core
dopant.

A representative optical amplifier that includes an active taper isillustrated
inFIG. 5. A seed laser 502 is configured to produce a seed optical beam at a
wavelength suitable for amplification by a selected dopant. Typicaly, the seed
beam has apreferred mode profile such as alowest order mode profile. The seed
beam is directed to amode filter 504 and then to an active taper 506 that includes an
actively doped core. A pump source 508 such as one or more laser diodes that emit
at suitable wavelengths i s coupled to the active taper.

FIG. 6illustrates arepresentative laser 600 that includes an active taper 606
situated in alaser cavity 601 defined by first and second end mirrors 602, 604. A
mode filter 608 can also be provided for additional mode control, and an optical
pump source 610 such as one or more semiconductor lasers is situated to provide
pump radiation to the active taper, typically by coupling pump radiation into an
inner cladding. An output beam from the laser cavity can be directed to one or
more nonlinear optical devices 612 such as an optical harmonic generator or a
parameter oscillator or amplifier. The output beam can also be directed to apulse
compressor 614 that can include, for example, afiber configured to introduce a
frequency chirp and apair of diffraction gratings. The active taper 606 can include a
section of untapered, actively doped optical fiber aswell, and additional nonlinear
optical devices and polarization sensitive elements can be situated within or exterior
to the laser cavity 601.

A pump beam can be coupled to an active taper through one or both of taper
input/output surfaces, or through a side of the active taper. In one example, as
shown in FIG. 7, a seed laser input fiber 702 and pump fibers 704, 706 are coupled
to an active taper 708 with acombiner 705. An output fiber 707 of the combiner
705 is coupled to the active taper 708 that includes atapered core 710, an inner
cladding 712 and an outer cladding 714. Pump radiation can be directed into the
pump fibers 704, 706 for pumping arare earth or other active dopant in the tapered
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core 710. The seed laser input fiber 702 can be a single mode fiber, afew mode
fiber, or amultimode fiber. If afew mode or multimode fiber isused, a mode filter
can be provided so that a seed beam propagates in the seed fiber 702 primarily in a
fundamental mode. The variable mode core can have adoping that is confined
and/or vary along alength of ataper axis 701. For acircularly symmetric taper, rare
earth doping p can vary asafunction zand r, wherein zis measured along the taper
axis 701 and r isaradia distance from the taper axis 701, i.e.,, p = p(r,2). A core
taper can be associated with a core/inner cladding boundary 715. For acircularly
symmetric taper, the boundary location r = r(z). In some examples,

r(2) = rotanh(az), wherein ssisacoreradius at z= 0, and a determines arate at
which the core radius increases. Other functions can be used as abasis for core
taper. For confined doping, an active dopant isbounded in the taper by

rdopant = fi¥4anh(az), wherein B isapositive number less than one. Dopant density
can vary with both r and zwithin such aboundary.

Referring to FIG. 8, a seed laser input fiber 802 is coupled to an active taper
808 that includes atapered core 810, an inner cladding 812 and an outer cladding
814. Pump fibers 804, 806 are coupled to acombiner 820 that isin turn coupled to
the active taper 808 with an output fiber 822. Pump radiation can be directed into
the pump fibers 804, 806 for pumping arare earth or other active dopant in the
tapered core 810 and delivered. The seed laser input fiber 802 can be a single mode
fiber, afew mode fiber, or amultimode fiber. If afew mode or multimode fiber is
used, amode filter can be provided so that a seed beam propagates in the seed fiber
802 primarily in afundamental mode. The configuration of FIG. 8 can be referred to
as a counter-propagating configuration, and one or more pump fibers and pump
sources can be used.

With reference to FIG. 9, a seed optical beam source 902 and one or more
pump sources 904, 906 are coupled to afiber multiplexer (mux) 910 via respective
optical fibers 903, 905, 907. A mux output fiber 914 is coupled to an active taper
912 so that the optical radiation from the mux 910 provides both a seed optical beam
and pump radiation to the active taper 912.

A representative fiber/active taper arrangement isillustrated in FIG. 10.
Fibers 1002, 1006, 1010, 1014 are coupled by active tapers 1004, 1008, 1012. For
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convenient illustration, fibers types are represented as core diameter/cladding
diameter with dimensions in wn. Typically, a seed beam isprovided to the fiber
1002, and an amplified beam exits the fiber 1014.

A representative method of controlling optical nonlinearities isillustrated in
FIG. 11. A seed optical beam isgenerated at 162. Typically, the seed optical beam
propagates in fundamental mode and can be produced directly from a source or
provided by mode filtering. At 1104, an active taper ispumped so asto produce
optical gain. Co-propagating, counter-propagating, or side pumping can be used. At
1106, the seed beam isdirected to the active taper to produce an amplified optical
beam, and the amplified optical beam is directed to atarget or otherwise used at
1108. Active taper cross- sectional areas can be selected to control radiance. For
example, if apeak irradiance isto be less than apredetermined value, modal areain
the taper can be selected accordingly so that peak optical power isnot limited due to
apermitted peak irradiance. Average power and irradiance can aso be selected in
the same manner.

While the disclosed technology isillustrated above with reference to
representative embodiments, these embodiments are not to be taken as limiting. For
example, various combinations of tapers can be used, wherein each or some tapers
are selected so asto mitigate the effects of amplified spontaneous emission,
nonlinear effects, or for other reasons. We claim all that is encompassed by the

appended claims.
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Weclam:

1. An active taper, comprising:

avariable mode core doped with an active rare earth dopant and extending
along ataper axis,

an inner cladding situated about the variable mode core, the inner cladding
having an average refractive index lower than an effective refractive index of the
variable mode core; and

an outer cladding situated about the inner cladding, the outer cladding having
arefractive index lower than the refractive index of the inner cladding.

2. The active taper of claim 1, wherein the variable mode core has a core

diameter that changes monotonically along the taper axis.

3. The active taper of claim 1, wherein the variable mode has a core
diameter that changes non-monotonically along the taper axis.

4. The active taper of claim 1, wherein the variable mode core includes an
input section in which the variable mode core is afew mode core and an output

section in which the variable mode core is amultimode core.

5. The active taper of claim 1, wherein the variable mode core includes an
input section in which the variable mode core is a single mode core and an output

section in which the variable mode core is amultimode core.

6. The active taper of claim 1, wherein the variable mode core has a core
diameter d_, ethat isafunction of position along the taper axis, and the dopant in the
variable mode core i s confined to adiameter that isless than 0.9, 0.8, 0.6, or 0.5

dcore

7. The active taper of claim 1, wherein the variable mode core has afirst
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section in which acore diameter increases monotonically, and a second section
coupled to the first section in which the variable mode core diameter decreases

monotonically.

8. The active taper of clam 1, wherein the first section and the second

section are adjacent.

9. The active taper of claim 8, wherein a smallest core diameter of the first
section is adjacent a smallest core diameter of the second section.

10. The active taper of claim 1, wherein the variable mode core has a
monotonically varying core diameter.

11. The active taper of claim 1, wherein ratio of adiameter of the variable
mode core to adiameter of the inner cladding and the outer cladding i s constant

along the axis.

12. The active taper of claim 1, wherein at least one of the inner cladding
and the outer cladding has avariable refractive index so asto decrease an effective

refractive index of athe variable mode core.

13. The active taper of claim 1, further comprising at least two stress

elements configured to produce birefringence in the variable mode core.

14. The active taper of claim 13, wherein the stress elements are stress rods.

15. The active taper of claim 1, wherein the variable mode core and the

inner and outer claddings have circular cross sections.

16. The active taper of claim 1, wherein the variable mode coreisa

birefringent variable mode core.
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17. The active taper of claim 16, wherein the birefringent variable mode
core has an eliptical cross section or the inner cladding includes at least two stress

elements configured to produce birefringence in the variable mode core.

18. The active taper of claim 1, further comprisingt an adhesion layer
situated on the outer cladding.

19. The active taper of claim 18, further comprising ametallic outer layer
situated on the adhesion laser.

20. The active taper of claim 1, further comprising an outer layer situated on
the outer cladding.

21. The active taper of claim 20, wherein the outer layer isametallic layer.

22. The active taper of claim 18, wherein the outer cladding has a polygonal

or D-shaped cross section.

23. An optical amplifier, comprising:

an active taper, comprising arare earth doped, variable mode core
surrounded by at least an inner cladding;

an optical pump situated so as to direct pump optical radiation to at least a
rare earth doped portion of the variable mode core; and

amode filter coupled to the active taper, and situated so asto receive an
input optical signal and deliver amode filtered optical signa to the variable mode

core.

24. The optical amplifier of claim 23, wherein the active taper further
comprises an outer cladding about the inner cladding, wherein the variable mode

core and the inner and outer claddings have circular cross-sections.
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25. The optical amplifier of claim 23, wherein at least aportion of the pump
radiation is coupled to the rare earth doped portion of the core from the inner
cladding.

26. The optical amplifier of claim 23, wherein the optical pump includes at
least one semiconductor laser.

27. The optical amplifier of claim 23, wherein the variable mode core has a
few mode portion situated so asto receive the mode filtered optical signal, and the
mode filtered optical output has a mode profile corresponding to a mode profile
associated with afew mode portion.

28. The optical amplifier of claim 23, wherein the rare earth dopant in the
variable mode is confined to adiameter of less than 0.8 times the variable mode core
diameter.

29. The optical amplifier of claim 23, wherein the active taper isa
polarization dependent active taper.

30. The optical amplifier of claim 29, wherein the polarization dependent
active taper includes at least one of an elliptical variable mode core or the inner
cladding includes at least two stress elements configured to produce birefringence in

the variable mode core.

31. The optical amplifier of claim 23, wherein the variable mode core has a

monotonically increasing core diameter along the axis.

32. The optical amplifier of claim 31, further comprising a cladding situated
about the variable mode core, wherein the cladding has arefractive index profile

selected to decrease the effective refractive index of the variable mode core.
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33. Anoptical amplifier system, comprising:

an optical resonator defining an optical cavity having an axis,

arare earth doped variable mode core situated in the optical cavity along the
axis, and

an optical mode controller situated in the optical cavity aong the axis and

configured to attenuate higher order modes associated with the variable mode core.

34. The apparatus of claim 33, further comprising at least one seed laser
situated so as to direct a seed beam along the axis.

35. The apparatus of claim 34, wherein the seed laser is configured to
provide a seed beam propagating substantially in alowest order mode of the rare
earth dope variable mode core.

36. The apparatus of claim 35, wherein the seed beam has awavelength

corresponding to gain bandwidth of the rare earth variable mode core.

37. The apparatus of claim 36, further comprising an inner cladding and an

outer cladding situated about the rare earth doped variable mode core.

38. The apparatus of claim 33, wherein the optical cavity isdefined by a

first reflector and a second reflector.

39. The apparatus of claim 33, where the optical cavity isdefined by at |east
one fiber Bragg grating, dielectric mirror, or afiber end facet.

40. The apparatus of claim 33, wherein the optical cavity is apolarization

dependent optical cavity.

41. The apparatus of claim 33, further comprising a non-linear optical
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element situated to receive an optical output from the optical cavity.

42. The apparatus of claim 33, further comprising a pulse compressor

situated to receive an optical output from the optical cavity.

43. A method, comprising:
directing a seed optical beam to an actively doped taper, the seed
optical beam propagating in afundamental transverse mode;
pumping the actively doped taper to produce optical gain;
amplifying the seed optical beam in the pumped, actively doped taper
so as to produce an amplified optical beam propagating in afundamental mode of
the actively doped taper.

44. The method of claim 43, wherein the actively doped taper is pumped so
that pump optical radiation propagates in adirection opposite to adirection of
propagation of the seed optical beam.

45. The method of claim 43, wherein the actively doped taper is pumped so

that pump optical radiation propagates in adirection of propagation of the seed
optical beam.
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