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Systems, Apparatus, and Methods for Laser Amplification in Fiber Amplifiers

CROSS-REFERENCES TO RELATED APPLICATIONS

[0001] This application claims priority to U.S. Application No. 62/216,437, filed September
10, 2015, entitled “ARCHITECTURE FOR FIBER AMPLIFIERS,” which is hereby

incorporated herein by reference in its entirety.
GOVERNMENT SUPPORT

[0002] This invention was made with Government support under Contract No. FA8721-05-C-
0002 awarded by the U.S. Air Force. The Government has certain rights in the invention.

BACKGROUND

[0003] Fiber laser amplifiers are used in a variety of applications, such as low-power marking
and cutting, high-power industrial cutting and welding, and high-power defense oriented
applications. Fiber lasers can be particularly useful for processing materials that are difficult to
process with traditional machining methods. For example, fiber lasers can be used to cut Gorilla
Glass™, which is widely used in cell phones. Fiber lasers can be also useful in welding
components that may not withstand large quantities of heat. In this case, localized heating by the
laser performs the welding without damaging adjacent material.

[0004] FIG. 1 shows a schematic of a conventional fiber laser amplifier 100. The amplifier
100 includes an isolator 110 to receive an input signal 105 (e.g., provided by a laser oscillator;
now shown in FIG. 1), a gain fiber 120 to amplify the input signal 105, and pump diodes 130 to
pump the gain fiber 120. The isolator 110 can transmit the input signal 105 along the forward
direction (i.e., from the isolator 110 to the gain fiber 120) but block any input signal 105
propagating along the backward direction (i.e., from the gain fiber 120 to the isolator 110). This
prevents the amplified input signal from damaging the source of the input signal 105, such as a
laser oscillator. The pump diodes 130 typically pump the cladding of the gain fiber 120.
However, for low power applications, core pumping may also be used to reduce or minimize the

length of the gain fiber 120.
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[0005] The amplifier 100 can be operated at high gain (e.g., > 17 dB), and there is usually large
population inversion at the beginning of the gain fiber 120. At least two adverse side effects can
be induced from this large population inversion. First, photodarkening can occur at the
beginning of the gain fiber 120, which can reduce the efficiency of the amplifier 100 and
increase the heat load. The heat load can be especially problematic in high power amplifiers.
Second, significant amplified spontaneous emission (ASE) can be generated in the gain fiber
120, thereby reducing the efficiency of the amplifier 100. The backward propagating ASE can
also cause component failure at the input of the fiber amplifier 100. For example, the ASE

propagating back to the isolator 110 can damage the isolator 110, which is usually costly.
SUMMARY

[0006] Embodiments of the present invention include apparatus, systems, and methods for
amplifying laser signals in a fiber amplifier. In one example, a system for amplifying an input
laser signal at a signal wavelength includes an isolator to receive the input laser signal. A gain
fiber is in optical communication with the isolator to amplify the input laser signal. The gain
fiber emits backwards-propagating amplified spontaneous emission (ASE) at an ASE
wavelength. At least one pump source is in optical communication with the gain fiber to pump
the gain fiber with at least one pump beam at a pump wavelength. The system also includes an
optical filter, in optical communication with the isolator and the gain fiber, to transmit at least
50% of the input laser signal from the isolator to the gain fiber and to reflect at least 20% of the
backwards-propagating ASE back to the gain fiber. The gain fiber absorbs at least a portion of
the backwards-propagating ASE reflected by the optical filter.

[0007] In another example, a method of amplifying an input laser signal at a signal wavelength
includes transmitting the input laser signal through an isolator and transmitting at least 50% of
the input laser signal through an optical filter in optical communication with the isolator. The
method also includes amplifying the input laser signal with a gain fiber in optical communication
with the optical filter. The gain fiber emits backwards-propagating amplified spontaneous
emission (ASE) at an ASE wavelength. The method further includes reflecting at least 20% of
the backwards-propagating ASE to the gain fiber, the gain fiber absorbing at least a portion of
the backwards-propagating ASE reflected by the optical filter.
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[0008] In yet another example, a fiber laser amplifier includes an isolator to receive the input
laser signal having a signal wavelength within a range of about 1045 nm to about 1100 nm. A
gain fiber doped with ytterbium is in optical communication with the isolator to amplify the
input laser signal at a gain of at least about 17 dB. The gain fiber further emits a backwards-
propagating amplified spontaneous emission (ASE) at an ASE wavelength within a range of
about 1010 nm to about 1045 nm. At least one pump source is in optical communication with
the gain fiber to pump the gain fiber with at least one pump beam. The amplifier also includes a
fiber Bragg grating (FBG), in optical communication with the isolator and the gain fiber and
having a transmissivity of at least 50% at the signal wavelength and a reflectivity greater than
20% at the ASE wavelength, to transmit the input laser signal from the isolator to the gain fiber
and to reflect the backwards- propagating ASE back to the gain fiber.

[0009] It should be appreciated that all combinations of the foregoing concepts and additional
concepts discussed in greater detail below (provided such concepts are not mutually inconsistent)
are contemplated as being part of the inventive subject matter disclosed herein. In particular, all
combinations of claimed subject matter appearing at the end of this disclosure are contemplated
as being part of the inventive subject matter disclosed herein. It should also be appreciated that
terminology explicitly employed herein that also may appear in any disclosure incorporated by
reference should be accorded a meaning most consistent with the particular concepts disclosed

herein.
BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The skilled artisan will understand that the drawings primarily are for illustrative
purposes and are not intended to limit the scope of the inventive subject matter described herein.
The drawings are not necessarily to scale; in some instances, various aspects of the inventive
subject matter disclosed herein may be shown exaggerated or enlarged in the drawings to
facilitate an understanding of different features. In the drawings, like reference characters
generally refer to like features (e.g., functionally similar and/or structurally similar elements).
[0011] FIG. 1 shows a schematic of a conventional fiber laser amplifier.

[0012] FIG. 2 shows a schematic of a fiber laser amplifier including an optical filter to reflect

backward amplified spontaneous emission (ASE) back to the gain medium for reabsorption.
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[0013] FIG. 3 shows a schematic of a fiber laser amplifier including two optical filters for ASE
reabsorption and power stability.

[0014] FIG. 4 shows absorption and emission cross sections of Yb doped in germanosilicate
glass that can be used in the amplifiers shown in FIGS. 2 and 3.

[0015] FIG. S5Ashows calculated forward and backward ASE spectra in a fiber amplifier using
2 kW pump power, 1064 nm seed wavelength, and 3 W seed power.

[0016] FIG. 5B shows calculated forward and backward ASE spectra in a fiber amplifier using
2 kW pump power, 1064 nm seed wavelength, and 0.3 W seed power.

[0017] FIG. 6 shows absorption and emission cross sections of thulium in silica fiber.

[0018] FIG. 7 shows absorption and emission cross sections of erbium in germanate glass.
[0019] FIG. 8 shows absorption and emission cross sections of holmium in silica fiber.

[0020] FIG. 9 illustrates a method of amplifying a laser signal in a fiber amplifier.
DETAILED DESCRIPTION

[0021] Overview

[0022] To address the problems of photodarkening and amplified spontaneous emission (ASE)
in conventional fiber amplifiers, systems, apparatus, and methods described herein employ a
fiber amplifier architecture, with an optical filter (e.g., a fiber Bragg grating (FBG), or dielectric
bandpass filter) inserted between an isolator and a gain fiber. The optical filter transmits the
input laser signal but reflects the ASE propagating from the gain fiber toward the isolator. The
reflected ASE then reenters the gain fiber, which absorbs the ASE to create population inversion
that can amplify the laser signal, especially at portions closer to the end of the gain fiber.

[0023] This fiber amplifier architecture has several advantages over conventional fiber
amplifier architectures. First, the optical filter can protect the isolator from backward
propagating ASE. As understood in the art, optical isolators (e.g., using Faraday rotator and
polarizers) can be susceptible to optical damage caused by backward travelling light. The optical
filter, by reflecting at least a portion of the ASE back to the gain fiber before the ASE reaches the
isolator, can reduce the amount of backward propagating ASE that is incident on the isolator.
Therefore, the optical filter can improve the robustness of the isolator, making it less susceptible

to failure.
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[0024] In addition, the optical filter also makes it possible to use a less expensive, smaller
isolator. As understood by those of skill in the art, the cost of an isolator scales with the degree
of isolation—isolators that provide more isolation are generally more expensive than isolators
that provide less isolation. By reducing the amount of backwards-propagating ASE that reaches
the isolator, the optical filter makes is possible to achieve the same performance as in
conventional fiber amplifier with a smaller, less expensive isolator. Moreover, because an
isolator is typically about 5 times to about 50 times more expensive than the optical filter (e.g.,
an FBQ), the total system cost is lower, too.

[0025] Second, reflecting the ASE back to the gain fiber can reduce the possibility of
damaging the gain fiber. In fiber amplifiers, loss of seed power can lead to damage in the fiber
amplifier from thermal or transient effects, such as Q-switching. Re-injecting the ASE light back
to the gain fiber can make the amplifier less sensitive to a reduction or complete loss of seed
power. As the seed power is decreased, the amount of ASE can increase. Since the backward
propagating ASE is retro-reflected back into the gain fiber, the amplifier can then be seeded with
the ASE light which can de-populate the upper lasing state and make it less likely for the
amplifier to suffer damage.

[0026] Third, re-injecting the ASE light into the gain fiber can reduce the population inversion
at the beginning (i.e., input end) of the gain fiber, thereby reducing the amount of
photodarkening. This can prolong the life of the gain fiber and reduce the thermal load on the
gain fiber. Additionally for large mode area fibers, photodarkening may also lead to multi-mode
instabilities, which are undesirable in high power amplifiers. By reducing photodarkening, the
optical filter can also reduce susceptibility to multi-mode instabilities.

[0027] Fourth, the optical filter can improve thermal management of the gain fiber. The retro-
reflected ASE in the gain fiber can receive more gain than the signal wavelength. Since the
quantum defect at the ASE wavelength is generally lower than that at the signal wavelength, the
heat generated from the production of ASE photons is usually lower than the heat generated for
the production of signal photons. As the ASE is re-absorbed further down the fiber, the ASE can
act as a source of gain for the signal light, which can be further amplified. The net result is that
the heat load is distributed more uniformly throughout the length of the fiber, rather than being
concentrated near the front end as in conventional fiber amplifiers. By reducing the localized

thermal load, the optical filter can also reduce the susceptibility to multi-mode instabilities.
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[0028] Fifth, the optical filter can also suppress stimulated Brillouin scattering (SBS)
instability. As described above, a fiber amplifier including the optical filter can have a smaller
signal power towards the fiber input than a conventional fiber amplifier. In this case, the
effective fiber length can be shorter than, for example, the distance for SBS to develop into SBS
instability, thereby reducing the possibility of SBS instability. Reduction in the effective SBS
length is desirable since SBS can adversely affect the performance of fiber amplifiers.

[0029] Fiber Amplifiers Including Optical Filters

[0030] FIG. 2 shows a schematic of a fiber amplifier 200 with an optical filter 240 to reflect
backward ASE for reabsorption in a gain fiber 220. The amplifier 200 includes an isolator 210
to receive an input laser signal 205 at a signal wavelength. The input laser signal 205 can be
delivered by, for example, a laser oscillator or by another fiber (pre)amplifier. The input laser
signal 205 propagates through the optical filter 240 and enters the gain fiber 220, which is
pumped by one or more pump sources 230 operating at a pump wavelength. Typically, the
spontaneous emission of the gain material in the gain fiber 220 can be amplified to form ASE
having a center wavelength referred to as an ASE wavelength in this application. The ASE can
propagate in both the forward direction (i.e., same direction as the input laser signal 205) and the
backward direction (i.e., opposite to the direction of the input laser signal 205). The optical filter
240 reflects at least a portion of the backward ASE back to the gain fiber 220, which then
absorbs the reflected ASE to amplify the input laser signal 205.

[0031] The amplifier 200 can be used at any suitable power level. For example, the power of
the input laser signal 205 can be at least than S mW (e.g., at least 5 mW, at least 10 mW, at least
20 mW, at least 50 mW, at least 100 mW, at least 200 mW, at least 500 mW, at least 1W, at least
2 W, atleast 5 W, at least 10 W, at least 20 W, at least 50 W, or greater, including any values
and sub ranges in between). After amplification, the output of the amplifier 200 can have a
power that is at least 0.2 W (e.g., at least 0.2 W, at least 0.5 W, at least 1 W, at least 2 W, at least
5 W, atleast 10 W, at least 20 W, at least S0 W, at least 100 W, at least 200 W, at least 500 W, at
least 1 kW, at least 2 kW, or at least 5 kW, including any values and sub ranges in between).
[0032] The isolator 210 in the amplifier 200 is employed to protect the source of the input laser
signal 205 (e.g., a laser oscillator). The isolator 210 transmits the input laser signal 205 and
rejects amplified signal returning from the gain fiber 220 so as to prevent the amplified signal

from reaching any components upstream of the isolator 210. In one example, the isolator 210
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can include a Faraday rotator placed between an input polarizer and an output polarizer. In
another example, the isolator 210 can include an all-fiber optical isolator. More information
about fiber isolators can be found in U.S. Patent No. 8,755,642, which is hereby incorporated
herein by reference in its entirety.

[0033] The gain fiber 220 typically includes a gain material doped into an optical fiber. The
gain material can be characterized by its absorption and emission cross sections (also referred to
as absorption spectrum and emission spectrum). In general, the signal wavelength of the input
laser signal 205 can be a wavelength at which the gain material has an emission cross section
that is larger than the absorption cross section. The ASE wavelength of the ASE is usually
approximately at a wavelength at which the emission cross section of the gain material has a
peak. The pump wavelength of the pump sources 230, in contrast, can be a wavelength at which
the gain material has a large absorption cross section.

[0034] In one example, the emission cross section at the ASE wavelength can be larger than
the emission cross section at the signal wavelength, and the absorption cross section at the ASE
wavelength can be larger than the absorption at the signal wavelength. As understood in the art,
ASE can be broadband and can have a bandwidth of, for example, about 5 nm to about 100 nm
(the ASE wavelength described here can be the center wavelength of the ASE light propagating
in the gain fiber 220).

[0035] The relative magnitudes of the three wavelengths (i.e., the signal wavelength, the ASE
wavelength, and the pump wavelength) in the amplifier 200 can be: the signal wavelength is
longer than the ASE wavelength, which in turn is longer than the pump wavelength.

[0036] In one example, the gain fiber 220 includes a single-mode fiber doped with the gain
material. In another example, the gain fiber 220 includes a multi-mode fiber doped with the gain
medium. A multi-mode fiber can have a larger cross sectional area, compared to single-mode
fibers, and therefore allow the amplifier 200 to have higher output energy. In one example, the
gain fiber 220 includes a single-clad fiber made of a core surrounded by a cladding. In another
example, the gain fiber includes a double-clad fiber made of a core surrounded by two layers of
cladding materials.

[0037] The gain fiber 220 can amplify the input laser signal 205 at various amplification ratios,

also referred to as gain. For example, the gain of the gain fiber 220 for the input laser signal 205
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can be at least 15 dB (e.g., at least 15 dB, at least 16 dB, at least 17 dB, at least 20 dB, at least 25
dB, at least 30 dB, or at least 35 dB, including any values and sub ranges in between).

[0038] The gain material in the gain fiber 220 can include, for example, ytterbium, thulium,
erbium, praseodymium, or holmium, or combinations of these materials, among others. More
details of the gain materials in the gain fiber 220 are described below with reference to FIGS. 4-
8.

[0039] The pump sources 230 can include pump diodes with output coupled into fibers that
deliver the pump beams into the gain fiber 220. In one example, the pump beams are coupled
into the cladding of the gain fiber 220. In another example, the pump beam can be coupled into
the core of the gain fiber 220.

[0040] The pump sources 230 deliver pump beams propagating in the forward direction. In
practice, the pump sources 230 can also deliver pump beams propagating along the backward
direction (i.e., opposite the propagation of the input laser signal 205). In another example, the
pump sources 230 can deliver some pump beams propagating along the forward direction and
some pump beams along the backward direction.

[0041] The optical filter 240, as described above, transmits the input laser signal 205 and
reflects the ASE. The transmission of the optical filter 240 at the signal wavelength can be at
least 50% (e.g., at least 50%, at least 55%, at least 60%, at least 65%, at least 70%, at least 75%,
at least 80%, at least 85%, at least 90%, at least 95%, at least 97%, at least 98%, or at least 99%,
including any values and sub ranges in between).

[0042] The reflectivity of the optical filter 240 at the ASE wavelength can be at least 20%
(e.g., at least 20%, at least 30%, at least 40%, at least 50%, at least 55%, at least 60%, at least
65%, at least 70%, at least 75%, at least 80%, at least 85%, at least 90%, at least 95%, at least
97%, at least 98%, or least 99%, including any values and sub ranges in between). As described
above, the ASE usually has a finite bandwidth, with the ASE wavelength at the center of the
spectrum. Accordingly, the reflectivity (also referred to as the reflection spectrum) of the optical
filter 240 can also have the finite bandwidth that overlaps with or encompasses the ASE
bandwidth so that the optical filter 240 can reflect most spectral components in the ASE. For
example, the bandwidth of the optical filter 240 can be about 1 nm to about 100 nm (e.g., about 1

nm, about 2 nm, about 3 nm, about 5 nm, about 10 nm, about 15 nm, about 20 nm, about 25 nm,
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about 30 nm, about 40 nm, about 50 nm, about 60 nm, about 70 nm, about 80 nm, about 90 nm,
or about 100 nm, including any values and sub ranges in between).

[0043] The optical filter 240 can also be substantially transparent to the pump beams at the
pump wavelength. For example, the transmission of the optical filter 240 at the pump
wavelength can be at least 50% (e.g., at least 50%, at least 55%, at least 60%, at least 65%, at
least 70%, at least 75%, at least 80%, at least 85%, at least 90%, at least 95%, at least 97%, at
least 98%, or at least 99%, including any values and sub ranges in between).

[0044] The optical filter 240 as shown in FIG. 2 is placed between the isolator 210 and the gain
fiber 220. In one example, the optical filter 230 can be placed upstream of the location where the
pump beams are coupled into the gain fiber 220. In another example, the optical filter 230 can
be placed between the gain fiber 220 and the location at which the pump beams are coupled into
the gain fiber 220.

[0045] Various types of filters can be used as the optical filter 240 in the amplifier 200. In one
example, the optical filter 240 includes an all-dielectric bandpass filter, which can further include
two highly reflecting mirrors separated by one or more dielectric spacer layers. In another
example, the optical filter 240 can include a metal-dielectric bandpass filter, which usually uses a
metal spacer layer between two reflectors. The mirrors can be made of alternating high and low
refractive index materials to form a stack, which can have a reflectance greater than 99.99% at a
specified wavelength. Varying the thickness of the spacer layer and/or the number of reflecting
layers can alter the central wavelength and bandwidth of the resulting filter.

[0046] The center wavelength of the all-dielectric or dielectric-metal bandpass filters
(collectively referred to as bandpass filters) can shift linearly with changes in temperature.
Therefore, a heater can be used to adjust the central wavelength of the bandpass filters. This
may be used to compensate for possible wavelength shifts in the gain fiber 220.

[0047] The optical filter 240 can also use fiber Bragg grating (FBG) to transmit the input laser
signal 205 and reflect the backward ASE. As understood in the art, an FBG can include a
periodic variation in the refractive index of the fiber core, which can generate a wavelength-
specific reflection (and transmission). In one example, the optical filter 240 includes a uniform
FBG, which has a uniform grating period along the length of the FBG. The bandwidth of the
FBG can be adjusted by tuning the grating strength and/or the grating length so as to, for

example, reflect most of the spectral components in a broadband ASE light.
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[0048] In another example, the optical filter 240 includes an FBG having an apodized grating.
The term apodization can refer to the grading of the refractive index to approach zero at the end
of the grating. Apodized gratings can offer significant improvement in side-lobe suppression
while maintaining reflectivity and a narrow bandwidth. The two functions typically used to
apodize an FBG are Gaussian and raised-cosine.

[0049] In yet another example, the optical filter 240 includes an FBG having a chirped grating,
in which grating period varies (e.g., linearly) along the length of the grating. The reflected
wavelength can change with the grating period, thereby broadening the reflected spectrum.
[0050] In yet another example, the optical filter 240 includes an FBG having a tilted grating.

In standard FBGs, the grading or variation of the refractive index is along the length of the fiber,
and is typically uniform across the width of the fiber. In a tilted FBG (TFBG), the variation of
the refractive index can be at an angle with respect to the optical axis. The angle of tiltin a
TFBG can adjust the reflected wavelength, and bandwidth.

[0051] The ASE reflected by the optical filter 240 reenters the gain fiber 220, which absorbs at
least a portion of the reflected ASE for amplifying the input laser signal 205. In general, it can
be helpful for the gain fiber 220 to absorb substantially all of the reflected ASE. The absorption
of the reflected ASE by the gain fiber 220 can be at least 90% (e.g., at least 90%, at least 91%, at
least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at
least 99%, or at least 99.5%, including any values and sub ranges in between). Alternatively, the
absorption of the ASE can be quantified in dB (e.g., at least 10 dB, at least 13dB, at least 18 dB,
at least 19 dB, at least 20 dB, at least 25 dB, at least 30 dB, including any values and sub ranges
in between).

[0052] Substantial absorption of the reflected ASE in the gain fiber 220 can be achieved by, for
example, increasing the absorption cross section of ASE or increasing the length of the gain fiber
220. The length of the gain fiber 220 can be at least 1 meter (e.g., at least 1 meter, at least 2
meters, at least 3 meters, at least 5 meters, at least 10 meters, at least 20 meters, at least 30
meters, or at least 50 meters, including any values or sub ranges in between).

[0053] The amplifier 200 shown in FIG. 2 includes only one stage of amplification achieved by
the gain fiber 220. In practice, more than one stage of amplification can also be used. For
example, a second stage of amplification can be coupled to the output of the gain fiber 220. The

second stage of amplification can include a second isolator, a second optical filter, and a second
10
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gain fiber pumped by another set of pump diodes. In one example, the first stage of
amplification (i.e., gain fiber 220) can use a fiber having a small effective mode area and the
second stage of amplification can use a double-clad fiber with a larger mode area. In another
example, the pump diodes in the first stage can deliver pump beans into the core of the gain fiber
220, while the pump diodes in the second stage can deliver pump beams into the cladding of the
fiber. In yet another example, additional components can be disposed between the first stage and
the second stage, such as a beam shaping element, a gain flattening element, or a coupler to
couple out a portion of the output beam after the first stage for monitoring the operation of the
amplifier 200.

[0054] Fiber Amplifiers with Multiple Optical Filters

[0055] FIG. 3 shows a schematic of an amplifier 300 including two optical filters to increase
the power stability of the amplifier 300. The amplifier 300 includes an isolator 310 to receive an
input laser signal 305 (at a signal wavelength) and transmits the input laser signal 305 to a first
optical filter 340. A gain fiber 320, pumped by pump sources 330, receives and amplifies the
input laser signal 305. The gain fiber 320 includes a first portion 320a and a second portion
320b, between which a second optical filter 325 is disposed.

[0056] The first optical filter 340 and the second optical filter 325 can include any of the
examples of the optical filter 240 described above. In one example, the second optical filter 325
can include an FBG directly written into the gain fiber 320. In another example, the second
optical filter 325 can include an FBG fabricated into a passive fiber, which is then spliced into or
connected to the gain fiber 320. Since the second optical filter 325 is disposed between the two
portions 320a and 320b of the gain fiber 320, the second optical filter 325 can reflect backward
ASE from the second portion 320b of the gain fiber 320 and also the forward ASE from the first
portion 320a of the gain fiber. In this manner, the first optical filter 340 and second optical filter
325 can form an oscillator cavity at the ASE wavelength so that the ASE can oscillate in the gain
fiber 320a (i.e., the gain fiber 320a can lase at the ASE wavelength). Oscillation at the ASE
wavelength within the gain fiber 320a, in turn, can core-pump the gain fiber 320b and amplify
the input laser signal 305. Therefore, the second optical filter 325 can increase the uniformity of
the signal gain distribution along the gain fiber 320 and improve the power stability of the
amplifier 300.

11
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[0057] In the amplifier 300, the reflectivity of the first optical filter 340 at the ASE wavelength
can be at least 95% (e.g., at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or at
least 99.5%, including any values and sub ranges in between). In addition, the transmission of
the first optical filter 340 at the signal wavelength can be at least 95% (e.g., at least 95%, at least
96%, at least 97%, at least 98%, at least 99%, or at least 99.5%, including any values and sub
ranges in between).

[0058] The second optical filter 325 can have a reflectivity close to or less than 10% at the
ASE wavelength (e.g., about 0.5%, about 1%, about 2%, about 3%, about 4%, about 5%, about
6%, about 7%, about 8%, about 9%, about 10%, including any values and sub ranges in
between). This allows the propagation of ASE between the two portions 320a and 320b. The
reflectivity of the second optical filter 325 at the signal wavelength can be close to 0% (e.g., less
than 5%, less than 2%, less than 1%, less than 0.5%, less than 0.1%, less than 0.05%, less than
0.01%, less than 0.005%, or less than 0.0001%, including any values or sub ranges in between).
[0059] The second reflectivity bandwidth of the second optical filter 325 can be less than the
first reflectivity bandwidth of the first optical filter 340. For example, a ratio of the second
bandwidth to the first bandwidth can be about 0.1 to about 0.99 (e.g., about 0.1, about 0.3, about
0.4, about 0.5, about 0.6, about 0.7, about 0.8, about 0.9, about 0.95, or about 0.99, including any
values and sub ranges in between). In one example, the second bandwidth can be about 1 nm to
about 10 nm (e.g., about 1 nm, about 2 nm, about 3 nm, about 4 nm, about 5 nm, about 6 nm,
about 7 nm, about 8 nm, about 9 nm, or about 10 nm, including any values and sub ranges in
between).

[0060] The full reflectivity bandwidth of the second optical filter 325 can be entirely within the
reflectivity of the first optical filter 340. For example, the second optical filter 325 can reflect
light at wavelengths between 4,, and Ay,. The first optical filter 340 can reflect light at
wavelengths between 41, and A1, where 4, > 41, and Ay, < A1p. In addition, the center
wavelengths of the first reflectivity bandwidth of the first optical filter 340 and the second
reflectivity bandwidth of the first optical filter 325 can be substantially close to each other.
[0061] The length of the second portion 320b of the gain fiber 320 after the second optical
filter 325 can be sufficiently long so as to absorb a signification portion of the ASE propagating
in the fiber core. For example, the second portion 320b can absorb at least 90% of the ASE
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wavelength (e.g., about 90%, about 92%, about 95%, about 98%, about 99%, or about 100%,
including any values and sub ranges in between).

[0062] The ratio of the first length of the first portion 320a to the second portion 320b can be
about 3 to about 0.1 (e.g., about 3, about 2, about 1, about 0.5, about 0.4, about 0.3, about 0.2, or
about 0.1, including any values and sub ranges in between). For example, the first length of the
first portion 320a can be half of the second length of the second portion 320b, in which case
about 2/3 of the total length of the gain fiber 320 is allocated to the second portion 320b.

[0063] Gain Materials in Fiber Amplifiers with Reabsorption of ASE

[0064] Various types of gain materials can be used in the amplifiers 200 and 300 shown in
FIG. 2 and FIG. 3, respectively. Examples of gain materials include, but are not limited to,
ytterbium, thulium, erbium, praseodymium, and/or holmium, and combinations of these among
others.

[0065] FIG. 4 shows the absorption (solid) and emission (dotted) cross sections of Yb:
Germanosilicate glass that can be used as the gain material in the amplifiers shown in FIGS. 2
and 3. In this case, the signal wavelength can be within a range of about 1045 nm to about 1100
nm (e.g., about 1045 nm, about 1050 nm, about 1055 nm, about 1060 nm, about 1065 nm about
1070 nm, about 1080 nm, about 1090 nm, or about 1100 nm, including any values and sub
ranges in between), and the ASE wavelength can be within a range of about 1010 nm to about
1045 nm (e.g., about 1010 nm, about 1015 nm, about 1020 nm, about 1025 nm, about 1030 nm,
about 1035 nm, or about 1045 nm, including any values and sub ranges in between). The pump
wavelength can be near the 976 nm peak in the absorption cross section. In one example, the
ASE that is generated in the amplifier can be predominantly near the high-gain peak around 1030
nm.

[0066] The ASE in a gain fiber (e.g., 220 or 320) can include forward propagating ASE and
backward propagating ASE. Forward propagating ASE can be mostly re-absorbed in the gain
fiber and can act as a core pump for the signal wavelength. Backward propagating ASE may
experience little absorption and can exit the gain fiber, propagating backwards until it reaches the
optical filter (e.g., 240 shown in FIG. 2, 340 or 325 shown in FIG. 3).

[0067] FIGS. 5A and 5B show calculated ASE spectra for the case of 2 kW pump light at 976
nm and an input signal at 1064nm of 3W and 0.3W, respectively. The backward travelling ASE

can be many orders of magnitude larger than the forward propagating ASE in both cases (with 3
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W input signal and 0.3 W input signal). It is notable that the ASE grows quickly from 260 mW
to 45 W as the seed power decreases from 3 W to 0.3 W. Insertion of an FBG described above
can mitigate this problem for insufficient seed power.

[0068] The optical filter (e.g., FBG or dielectric bandpass filter) as described above transmits
the input signal wavelength with high efficiency and reflects light in a band near 1030nm. The
reflection bandwidth can be as narrow as 0.5 nm or be very broadband as long as the input signal
is not reflected. In practice, the reflection bandwidth can be tailored to be compatible with the
pump and signal wavelengths. As an example, a reflection linewidth of about 35nm (i.e,,
spanning a band from about 1015 nm to about 1050 nm) can be used for 976 nm pump light and
a 1064 nm signal. The purpose of the FBG filter is to reflect the ASE light back into the gain
fiber, where the ASE light is eventually re-absorbed by the Yb, acting as a core pump for the
input signal wavelength.

[0069] The pump wavelength can also be in the 875 nm — 950 nm band. In this case the
dominant ASE can be near the 975nm peak, and the FBG can accordingly reflect light at 975 nm.
If the signal is in the 1050 nm — 1100 nm range, the FBG can be most effective if it also reflects
the 1030-nm band of ASE.

[0070] FIG. 6 shows the absorption and emission cross sections for Tm-doped fiber that can be
used as the gain fiber in the amplifiers illustrated in FIGS. 2 and 3. In this case, the signal
wavelength can be within a range of about 1900 nm to about 2100 nm (e.g., about 1900 nm,
about 1950 nm, about 2000 nm, about 2050 nm, or about 2100 nm, including any values and sub
ranges in between), and the ASE wavelength can be within a range of about 1700 nm to about
1900 nm (e.g., about 1700 nm, about 1750 nm, about 1800 nm, about 1850 nm, or about 1900
nm, including any values and sub ranges in between).

[0071] In one example, thulium fiber lasers can be operated at wavelengths far above the peak
emission near 1800nm. For operation near 2000 nm, there can be significant ASE near the 1800
nm peak. In this case, the optical filter can accordingly reflect ASE near 1800nm, which can
then core-pump the gain fiber, when reabsorbed by the gain fiber, for operation near 2000nm.
[0072] FIG. 7 shows absorption and emission cross sections for Er-doped germinate glass.
Erbium can be used as the gain medium for the gain fiber in the amplifiers illustrated in FIGS. 2
and 3. Cross-sections for other glass chemistries may alter these cross sections slightly but in the

same general range. In this case, the signal wavelength can be within a range of about 1535 nm
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to about 1555 nm (e.g., about 1535 nm, about 1540 nm, about 1545 nm, about 1550 nm, or about
1555 nm, including any values and sub ranges in between), and the ASE wavelength can be
within a range of about 1515 to about 1535 nm (e.g., about 1515 nm, about 1520 nm, about 1525
nm, about 1530 nm, or about 1535 nm, including any values and sub ranges in between).

[0073] FIG. 8 shows absorption and emission cross sections for holmium-doped optical fibers
that can be used as the gain fiber in the amplifiers illustrated in FIGS. 2 and 3. In this case, the
signal wavelength can be within a range of about 2040 nm to about 2170 nm (e.g., about 2040
nm, about 2060 nm, about 2080 nm, about 2100 nm, about 2120 nm, about 2140 nm, about 2160
nm, or about 2170 nm, including any values and sub ranges in between), and the ASE
wavelength can be within a range of about 1970 nm to about 2040 nm (e.g., about 1970 nm,
about 1990 nm, about 2010 nm, about 2030 nm, or 2040 nm, including any values and sub
ranges in between).

[0074] In addition to examples of gain materials described above, praseodymium-doped fibers
can also be used in the amplifiers illustrated in FIGS. 2 and 3. Praseodymium-doped fibers can
be pumped at wavelengths of about 1030 nm to about 1050 nm, and deliver output beams at
around 1300 nm, which is within the second telecom window.

[0075] Methods of Amplifying Laser Signals

[0076] FIG. 9 illustrates a method 900 of amplifying a laser signal at a signal wavelength. At
step 910 in the method 900, the input laser signal is transmitted through an isolator (e.g., isolator
210 shown in FIG. 2 or isolator 310 shown in FIG. 3). After the isolator, at step 920 in the
method 900, the input laser signal propagates through an optical filter (e.g., optical filter 240
shown in FIG. 2, or optical filter 340 shown in FIG. 3), which transmits at least 50% of the input
laser signal. The transmitted input laser signal is then amplified by a gain fiber (e.g., gain fiber
220 shown in FIG. 2 or gain fiber 320 shown in FIG. 3) at step 930. The gain fiber also
propagates backwards-propagating amplified spontaneous emission (ASE) at an ASE
wavelength. At step 940, the optical filter reflects at least 20% of the backwards-propagating
ASE to the gain fiber, where at least a portion of the reflected ASE is absorbed.

[0077] In one example, amplifying the input laser signal at step 930 can be achieved by using a
gain fiber doped with ytterbium, in which case the signal wavelength can be within a range of
about 1045 nm to about 1100 nm, and the ASE wavelength can be within a range of about 1010

nm to about 1045 nm.
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[0078] In another example, amplifying the input laser signal at step 930 can be achieved by
using a gain fiber doped with thulium, in which case the signal wavelength can be within a range
of about 1900 nm to about 2100 nm, and the ASE wavelength can be within a range of about
1700 nm to about 1900 nm.

[0079] In yet another example, amplifying the input laser signal at step 930 can be achieved by
using a gain fiber doped with erbium, in which case the signal wavelength can be with a range of
about 1535 nm to about 1555 nm, and the ASE wavelength can be within a range of about 1515
to about 1535 nm.

[0080] In yet another example, amplifying the input laser signal at step 930 can be achieved by
using a gain fiber doped with holmium, in which case the signal wavelength can be within a
range of about 2040 nm to about 2170 nm, and the ASE wavelength can be within a range of
about 1970 nm to about 2040 nm.

[0081] The method 900 can further include transmitting the input laser signal through a second
optical filter disposed within the gain fiber (e.g., optical filter 325 shown in FIG. 3). The second
optical filter can have a reflectivity of about 0.5% to about 10% at the ASE wavelength and a
transmission of at least 95% at the signal wavelength.

[0082] Conclusion

[0083] While various inventive embodiments have been described and illustrated herein, those
of ordinary skill in the art will readily envision a variety of other means and/or structures for
performing the function and/or obtaining the results and/or one or more of the advantages
described herein, and each of such variations and/or modifications is deemed to be within the
scope of the inventive embodiments described herein. More generally, those skilled in the art
will readily appreciate that all parameters, dimensions, materials, and configurations described
herein are meant to be exemplary and that the actual parameters, dimensions, materials, and/or
configurations will depend upon the specific application or applications for which the inventive
teachings is/are used. Those skilled in the art will recognize, or be able to ascertain using no
more than routine experimentation, many equivalents to the specific inventive embodiments
described herein. It is, therefore, to be understood that the foregoing embodiments are presented
by way of example only and that, within the scope of the appended claims and equivalents
thereto, inventive embodiments may be practiced otherwise than as specifically described and

claimed. Inventive embodiments of the present disclosure are directed to each individual feature,
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system, article, material, kit, and/or method described herein. In addition, any combination of
two or more such features, systems, articles, materials, kits, and/or methods, if such features,
systems, articles, materials, kits, and/or methods are not mutually inconsistent, is included within
the inventive scope of the present disclosure.

[0084] The above-described embodiments can be implemented in any of numerous ways. For
example, embodiments of designing and making the technology disclosed herein may be
implemented using hardware, software or a combination thereof. When implemented in
software, the software code can be executed on any suitable processor or collection of
processors, whether provided in a single computer or distributed among multiple computers.
[0085] Further, it should be appreciated that a computer may be embodied in any of a number
of forms, such as a rack-mounted computer, a desktop computer, a laptop computer, or a tablet
computer. Additionally, a computer may be embedded in a device not generally regarded as a
computer but with suitable processing capabilities, including a Personal Digital Assistant (PDA),
a smart phone or any other suitable portable or fixed electronic device.

[0086] Also, a computer may have one or more input and output devices. These devices can be
used, among other things, to present a user interface. Examples of output devices that can be
used to provide a user interface include printers or display screens for visual presentation of
output and speakers or other sound generating devices for audible presentation of output.
Examples of input devices that can be used for a user interface include keyboards, and pointing
devices, such as mice, touch pads, and digitizing tablets. As another example, a computer may
receive input information through speech recognition or in other audible format.

[0087] Such computers may be interconnected by one or more networks in any suitable form,
including a local area network or a wide area network, such as an enterprise network, and
intelligent network (IN) or the Internet. Such networks may be based on any suitable technology
and may operate according to any suitable protocol and may include wireless networks, wired
networks or fiber optic networks.

[0088] The various methods or processes (outlined herein may be coded as software that is
executable on one or more processors that employ any one of a variety of operating systems or
platforms. Additionally, such software may be written using any of a number of suitable

programming languages and/or programming or scripting tools, and also may be compiled as
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executable machine language code or intermediate code that is executed on a framework or
virtual machine.

[0089] In this respect, various inventive concepts may be embodied as a computer readable
storage medium (or multiple computer readable storage media) (e.g., a computer memory, one or
more floppy discs, compact discs, optical discs, magnetic tapes, flash memories, circuit
configurations in Field Programmable Gate Arrays or other semiconductor devices, or other non-
transitory medium or tangible computer storage medium) encoded with one or more programs
that, when executed on one or more computers or other processors, perform methods that
implement the various embodiments of the invention discussed above. The computer readable
medium or media can be transportable, such that the program or programs stored thereon can be
loaded onto one or more different computers or other processors to implement various aspects of

the present invention as discussed above.

[0090] The terms “program” or “software” are used herein in a generic sense to refer to any
type of computer code or set of computer-executable instructions that can be employed to
program a computer or other processor to implement various aspects of embodiments as
discussed above. Additionally, it should be appreciated that according to one aspect, one or
more computer programs that when executed perform methods of the present invention need not
reside on a single computer or processor, but may be distributed in a modular fashion amongst a
number of different computers or processors to implement various aspects of the present
invention.

[0091] Computer-executable instructions may be in many forms, such as program modules,
executed by one or more computers or other devices. Generally, program modules include
routines, programs, objects, components, data structures, etc. that perform particular tasks or
implement particular abstract data types. Typically the functionality of the program modules may
be combined or distributed as desired in various embodiments.

[0092] Also, data structures may be stored in computer-readable media in any suitable form.
For simplicity of illustration, data structures may be shown to have fields that are related through
location in the data structure. Such relationships may likewise be achieved by assigning storage
for the fields with locations in a computer-readable medium that convey relationship between the

fields. However, any suitable mechanism may be used to establish a relationship between
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information in fields of a data structure, including through the use of pointers, tags or other
mechanisms that establish relationship between data elements.

[0093] Also, various inventive concepts may be embodied as one or more methods, of which
an example has been provided. The acts performed as part of the method may be ordered in any
suitable way. Accordingly, embodiments may be constructed in which acts are performed in an
order different than illustrated, which may include performing some acts simultaneously, even
though shown as sequential acts in illustrative embodiments.

[0094] All definitions, as defined and used herein, should be understood to control over
dictionary definitions, definitions in documents incorporated by reference, and/or ordinary
meanings of the defined terms.

[0095] The indefinite articles “a” and “an,” as used herein in the specification and in the
claims, unless clearly indicated to the contrary, should be understood to mean “at least one.”
[0096] The phrase “and/or,” as used herein in the specification and in the claims, should be
understood to mean “either or both” of the elements so conjoined, i.e., elements that are
conjunctively present in some cases and disjunctively present in other cases. Multiple elements
listed with “and/or” should be construed in the same fashion, i.e., “one or more” of the elements
so conjoined. Other elements may optionally be present other than the elements specifically
identified by the “and/or” clause, whether related or unrelated to those elements specifically
identified. Thus, as a non-limiting example, a reference to “A and/or B”, when used in
conjunction with open-ended language such as “comprising” can refer, in one embodiment, to A
only (optionally including elements other than B); in another embodiment, to B only (optionally
including elements other than A); in yet another embodiment, to both A and B (optionally

including other elements); etc.

[0097] As used herein in the specification and in the claims, “or” should be understood to have
the same meaning as “and/or” as defined above. For example, when separating items in a list,
“or” or “and/or” shall be interpreted as being inclusive, i.e., the inclusion of at least one, but also
including more than one, of a number or list of elements, and, optionally, additional unlisted
items. Only terms clearly indicated to the contrary, such as “only one of” or “exactly one of,” or,
when used in the claims, “consisting of,” will refer to the inclusion of exactly one element of a

number or list of elements. In general, the term “or” as used herein shall only be interpreted as
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indicating exclusive alternatives (i.e., “one or the other but not both””) when preceded by terms of

29 CC

exclusivity, such as “either,” “one of,” “only one of,” or “exactly one of.” “Consisting
essentially of,” when used in the claims, shall have its ordinary meaning as used in the field of

patent law.

[0098] As used herein in the specification and in the claims, the phrase “at least one,” in
reference to a list of one or more elements, should be understood to mean at least one element
selected from any one or more of the elements in the list of elements, but not necessarily
including at least one of each and every element specifically listed within the list of elements and
not excluding any combinations of elements in the list of elements. This definition also allows
that elements may optionally be present other than the elements specifically identified within the
list of elements to which the phrase “at least one” refers, whether related or unrelated to those
elements specifically identified. Thus, as a non-limiting example, “at least one of A and B” (or,
equivalently, “at least one of A or B,” or, equivalently “at least one of A and/or B”) can refer, in
one embodiment, to at least one, optionally including more than one, A, with no B present (and
optionally including elements other than B); in another embodiment, to at least one, optionally
including more than one, B, with no A present (and optionally including elements other than A);,
in yet another embodiment, to at least one, optionally including more than one, A, and at least

one, optionally including more than one, B (and optionally including other elements); etc.

[0099] In the claims, as well as in the specification above, all transitional phrases such as

2% ¢

“comprising,” “including,

2% 29 CC 2% ¢

carrying,” “having,” “containing,” “involving,” “holding,”
“composed of,” and the like are to be understood to be open-ended, i.e., to mean including but
not limited to. Only the transitional phrases “consisting of” and “consisting essentially of” shall
be closed or semi-closed transitional phrases, respectively, as set forth in the United States Patent

Office Manual of Patent Examining Procedures, Section 2111.03.
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CLAIMS

1. A system for amplifying an input laser signal at a signal wavelength, the system
comprising:

an isolator to receive the input laser signal;

a gain fiber, in optical communication with the isolator, to amplify the input laser signal,
the gain fiber emitting backwards-propagating amplified spontaneous emission (ASE) at an ASE
wavelength;

at least one pump source, in optical communication with the gain fiber, to pump the gain
fiber with at least one pump beam at a pump wavelength; and

an optical filter, in optical communication with the isolator and the gain fiber, to transmit
at least 50% of the input laser signal from the isolator to the gain fiber and to reflect at least 20%
of the backwards-propagating ASE back to the gain fiber, the gain fiber absorbing at least a
portion of the backwards-propagating ASE reflected by the optical filter.

2. The system of claim 1, wherein the gain fiber has a gain of at least about 17 dB at the

signal wavelength.

3. The system of claim 1, wherein:
the gain fiber comprises a ytterbium-doped optical fiber,
the signal wavelength is within a range of about 1045 nm to about 1100 nm, and

the ASE wavelength is within a range of about 1010 nm to about 1045 nm.

4. The system of claim 1, wherein:
the gain fiber comprises a thulium-doped optical fiber,
the signal wavelength is within a range of about 1900 nm to about 2100 nm, and

the ASE wavelength is within a range of about 1700 nm to about 1900 nm.

5. The system of claim 1, wherein:
the gain fiber comprises an erbium-doped optical fiber,

the signal wavelength is within a range of about 1535 nm to about 1555 nm, and
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the ASE wavelength is within a range of about 1515 to about 1535 nm.

6. The system of claim 1, wherein:
the gain fiber comprises a holmium-doped optical fiber,
the signal wavelength is within a range of about 2040 nm to about 2170 nm, and

the ASE wavelength is within a range of about 1970 nm to about 2040 nm.

7. The system of claim 1, wherein the optical filter comprises a fiber Bragg grating (FBG).
8. The system of claim 1, wherein the optical filter comprises a dielectric bandpass filter.
9. The system of claim 1, wherein the optical filter has a transmissivity of greater than 80%

at the pump wavelength.

10. The system of claim 1, wherein the optical filter has a reflectivity with a bandwidth of

about 1 nm to about 35 nm, the bandwidth comprising the ASE wavelength.

11. The system of claim 1, wherein the gain fiber has a small signal core absorption greater

than 10 dB at the ASE wavelength.

12. The system of claim 1, wherein the signal wavelength is greater than the ASE

wavelength.

13. The system of claim 1, wherein the optical filter is a first optical filter disposed between
the isolator and the gain fiber, and the system further comprises:

a second optical filter disposed within the gain fiber, the second optical filter having a
reflectivity of about 0.5% to about 10% at the ASE wavelength and a transmission of at least

95% at the signal wavelength.

14.  The system of claim 13, wherein the second optical filter is formed in the gain fiber.
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15.  The system of claim 13, wherein the second optical filter is optically coupled to the gain
fiber.
16. The system of claim 13, wherein a second reflectivity bandwidth of the second optical

filter is less than a first reflectivity bandwidth of the first optical filter.

17. The system of claim 13, wherein a second reflectivity of the second optical filter is less

than a first reflectivity of the first optical filter.

18. A method of amplifying an input laser signal at a signal wavelength, the method
comprising:

transmitting the input laser signal through an isolator;

transmitting at least 50% of the input laser signal through an optical filter in optical
communication with the isolator;

amplifying the input laser signal with a gain fiber in optical communication with the
optical filter, the gain fiber emitting backwards-propagating amplified spontaneous emission
(ASE) at an ASE wavelength; and

reflecting at least 20% of the backwards-propagating ASE to the gain fiber, the gain fiber
absorbing at least a portion of the backwards-propagating ASE reflected by the optical filter.

19. The method of claim 18, wherein amplifying the input laser light comprises amplifying
the input laser light at a gain of at least about 17 dB in the gain fiber.

20. The method of claim 18, wherein:

amplifying the input laser signal comprises transmitting the input laser light through a
portion of the gain fiber doped with ytterbium,

the signal wavelength is within a range of about 1045 nm to about 1100 nm, and

the ASE wavelength is within a range of about 1010 nm to about 1045 nm.

21. The method of claim 18, wherein:
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amplifying the input laser signal comprises transmitting the input laser light through a
portion of the gain fiber doped with thulium,
the signal wavelength is within a range of about 1900 nm to about 2100 nm, and

the ASE wavelength is within a range of about 1700 nm to about 1900 nm.

22. The method of claim 18, wherein:

amplifying the input laser signal comprises transmitting the input laser light through a
portion of the gain fiber doped with erbium,

the signal wavelength is with a range of about 1535 nm to about 1555 nm, and

the ASE wavelength is within a range of about 1515 to about 1535 nm.

23. The method of claim 18, wherein:

amplifying the input laser signal comprises transmitting the input laser light through a
portion of the gain fiber doped with holmium,

the signal wavelength is within a range of about 2040 nm to about 2170 nm, and

the ASE wavelength is within a range of about 1970 nm to about 2040 nm.

24, The method of claim 18, wherein transmitting the input laser signal through the optical

filter comprises transmitting the input laser light through a fiber Bragg grating (FBG).

25. The method of claim 18, wherein transmitting the input laser signal through the optical

filter comprises transmitting the input laser light through a dielectric bandpass filter.

26. The method of claim 18, wherein reflecting the backwards-propagating ASE comprises
reflecting the backward ASE over a reflectivity bandwidth of about 1 nm to about 35 nm.

27. The method of claim 18, wherein the gain fiber has a small signal core absorption greater

than 10 dB at the ASE wavelength and reflecting the backward ASE comprises causing the gain
fiber to absorb substantially all the backward ASE reflected by the optical filter.
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28.  The method of claim 18, wherein the optical filter is a first optical filter, and further
comprising:

transmitting the input laser signal through a second optical filter disposed within the gain
fiber, the second optical filter having a reflectivity of about 0.5% to about 10% at the ASE

wavelength and a transmission of at least 95% at the signal wavelength.

29. A fiber laser amplifier, comprising:

an isolator to receive the input laser signal having a signal wavelength within a range of
about 1045 nm to about 1100 nm;

a gain fiber doped with ytterbium, in optical communication with the isolator, to amplify
the input laser signal at a gain of at least about 17 dB, the gain fiber further emitting a
backwards-propagating amplified spontaneous emission (ASE) at an ASE wavelength within a
range of about 1010 nm to about 1045 nm;

at least one pump source, in optical communication with the gain fiber, to pump the gain
fiber with at least one pump beam; and

a fiber Bragg grating (FBG), in optical communication with the isolator and the gain fiber
and having a transmissivity of at least 50% at the signal wavelength and a reflectivity greater
than 20% at the ASE wavelength, to transmit the input laser signal from the isolator to the gain

fiber and to reflect the backwards- propagating ASE back to the gain fiber.
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the priority date claimed

“T” later document published after the international filing date or priority
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