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Gain Filtering for Single-Spatial-Mode Operation
of Large-Mode-Area Fiber Amplifiers

John R. Marciante, Member, IEEE

Abstract—Gain filtering of higher order modes in large-mode-
area fibers is an extremely robust method for providing diffraction-
limited performance regardless of core diameter or input beam
quality. Analytic calculations demonstrate that reducing the di-
ameter of the gain dopants compared to the waveguide diameter
produces differential gain that is higher for the fundamental mode
than all other fiber modes at all saturation levels. Matching the
gain dopant to the mode profile is not as beneficial as a simple step
profile since the primary mechanism of gain filtering is to deny gain
toward the edge of the waveguide where most of the higher order
mode power is contained. Numerical simulations of multikilowatt
fiber amplifiers with up to 100-µm-diameter cores show that gain
filtering is extremely robust, providing 99% of the output power in
the fundamental mode output with only 90% of the seed power in
the fundamental mode. Even with poor seed launch with 50% of
the power in the fundamental mode, gain filtering can provide up
to 90% of the output power in the fundamental mode.

Index Terms—Fiber amplifiers, fiber lasers, lasers, pumping,
single mode, waveguides.

I. INTRODUCTION

LARGE-MODE-AREA (LMA) fibers are commonly used
in fiber lasers and amplifiers to avoid nonlinear limitations

caused by high continuous wave (CW) or peak optical power.
Coiling of the fiber is commonly used to eliminate higher order
modes from such a multimode fiber [1], since the propagation
loss under coiling is larger for higher order modes than for the
fundamental mode [2]. This technique has been responsible for
scaling output power of fiber lasers with M 2 < 1.5 beyond the
kilowatt level [3]. Scaling the coiling method to large (≥100 µm)
fiber core diameters is difficult for a number of reasons. As
the core diameter increases, the propagation coefficients for the
fundamental and neighboring modes become closer, making the
discrimination between the modes more difficult. Therefore,
optimal conditions for mode filtering via bending have tight
tolerances that make achieving both high efficiency and good
mode discrimination difficult to obtain. Additionally, the beam
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quality of the injected seed is critical for maintaining reasonable
beam quality at the laser output.

Recent fiber designs have focused on tailoring the transverse
cross section of the fiber to promote loss for higher order modes
either in coiled [4], [5] or uncoiled [6]–[8] conditions. Fiber
designs that provide high loss for higher order modes also lead
to some loss for the fundamental mode. Therefore, in addition to
the difficulty of mode filtering with large core diameters, loss-
based filtering techniques result in reduced laser or amplifier
efficiency. Alternatively, fiber structures have been designed to
reduce the coupling between transverse modes of the fiber, such
that light launched into the desired mode will largely remain in
that mode [9], [10].

Tailoring the transverse profile of the gain dopant can lead
to modal discrimination by providing higher overlap of the
gain with the fundamental mode than with higher order modes.
Early experimental work in erbium-doped fibers indicated that
allowing the gain to match either the fundamental mode pro-
file [4] or be confined to the central portion of the core [11] re-
sulted in single-mode behavior at the fiber output for fiber-core
diameters around 20 µm. This concept was numerically ex-
plored in planar waveguide lasers [12] under various saturation
conditions. Calculations were performed for 12.5-µm-diameter
straight fibers [13] and for 32-µm-diameter fibers including the
effects of bending [14], but the impact of gain saturation was
neglected.

The effects of spatial gain saturation or transverse spatial hole
burning are critical for understanding the performance of LMA
fiber amplifiers. The gain profile mimics the gain dopant profile
only when the gain is not saturated. In multimode fiber am-
plifiers, vastly different modal behavior is observed below and
above saturation [15]. This is particularly important since many
high-power amplifiers start with relatively low seed power and
unsaturated gain in front of the amplifier, but end up with high-
power output and saturated gain at the output of the amplifier.

This paper explains the concept of gain filtering in LMA fiber
amplifiers, including the effects of transverse spatial hole burn-
ing. In gain filtering, the primary mechanism of mode filtering is
differential modal gain rather than differential modal loss. With
proper design, selective doping of the active ions that provide
the gain lead to higher gain for the fundamental mode than all
other modes, regardless of saturation level for fiber cores as
large as 100-µm diameter at power levels well into the kilowatt
regime. Gain filtering is shown to be much more robust and eas-
ier to implement than loss filtering and results in high-efficiency
operation. This paper is organized as follows. In Section II, gain
filtering is explored from a modal point of view under all satu-
ration conditions for several transverse gain dopant profiles. In
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Section III, numerical simulations demonstrate the performance
of gain filtering in kilowatt-level fiber amplifiers, and reveal the
robustness of the technique to fabrication tolerances and beam
quality of the launch conditions. In Section IV, an analysis of
practical design considerations is presented, which is followed
by conclusions.

II. MODAL EFFECTS OF GAIN FILTERING

An analytic model, including spatially saturated gain (or
transverse spatial hole burning), is used to calculate the modal
effects of gain filtering. For short fiber lengths typical of fiber
amplifiers, the transverse intensity profile in a multimode fiber
can be described as the square of a summation of linearly polar-
ized (LP) modes [16]. If only saturated gain is considered, any
given mode in the fiber satisfies the propagation equation

dIk (r, φ, z)
dz

=
gss(r, φ, z)Ik (r, φ, z)

1 + |
∑

i Ek (r, φ, z)|2/Isat
(1)

where gss is the small-signal gain, Isat is the saturation in-
tensity, and Ik is the intensity of the kth mode given by
Ik (r, φ, z) = |Ek (r, φ, z)|2 = Pk (z)|Φk (r, φ)|2 , with Pk being
the power carried in the kth mode and Φk being the transverse
profile of the kth mode. While this propagation equation neglects
intrinsic loss, bend loss, and intermode coupling [17], [18], it
allows exploration of gain saturation physics for various gain
dopant profiles. In the following analyses, gss will be considered
only to be radially varying, since this is the most practical case
to fabricate.

In most cases of interest, the fundamental mode is the desired
output of the fiber amplifier. As such, gain saturation by only the
fundamental mode is considered. Equation (1) can be simplified
to

dPk (z)
dz

= gk (z)Pk (z) (2)

where gk is the differential gain for the power in the kth mode
given by

gk (z) =
∫∫

gss(r, φ, z)|Φk (r, φ)|2
1 + I0(r, φ, z)/Isat

r dr d φ. (3)

This definition of modal gain includes all effects due to spatial
saturation of the gain for a given mode, and can therefore be used
as a metric to understand gain filtering at all levels of saturation
without modeling a complete fiber amplifier system.

Starting with a step-index fiber with a given core diameter,
g0/gk is calculated for all modes of the fiber, where g0 is the gain
of the fundamental (i.e., LP01) mode. The best single-mode per-
formance will occur when the fundamental mode experiences
more gain than all higher order modes, which is mathematically
represented by g0/gk > 1 for all k. In Fig. 1, g0/gk is plot-
ted as a function of saturation level I0/Isat for a fiber with a
50-µm waveguide core diameter, 0.05 core numerical aperture
(NA), and uniform gain dopant that fills the entire waveguide
core. At low saturation levels (I0/Isat ≈ 0.01), the fundamen-
tal mode experiences the highest gain due to the overlap of
the optical mode with the uniform dopant in the core. In this
case, the gain margin is the smallest over the LP11 mode, which

Fig. 1. Differential gain ratio versus saturation level for all LP modes of a
fiber with a 50-µm-diameter, 0.05-NA core, and gain dopant that is uniform
inside the waveguide core.

has the next highest confinement in the core. When the fun-
damental mode begins to saturate the gain (I0/Isat ≈ 0.1), the
center of the transverse gain profile becomes depressed and the
nearest neighbor (low order) modes experience enhanced rela-
tive gain. As the saturation level increases, the gain saturation
spreads from the center of the core outward, and the higher or-
der modes with increasing intensity concentration around the
edge of the waveguide experience the highest relative gain. Ul-
timately, the LP31 mode ends up with the highest gain, nearly
2.5 times higher than the fundamental mode at high saturation
levels (I0/Isat > 100). The higher order modes that are close to
cutoff (e.g., LP03) have a significant fraction of their intensity
located outside the waveguide, and therefore, cannot experience
the maximum relative gain.

It is critical to note that for I0/Isat > 0.3, the fundamental
mode does not experience the highest gain. Given that high-
power LMA fiber amplifiers work well into the saturation regime
(I0/Isat � 1), transverse spatial hole burning is one of the pri-
mary limitations to achieving single-mode output from LMA
fiber amplifiers.

Although the mode experiencing the highest gain relative to
the LP01 mode changes with saturation level caused by trans-
verse spatial hole burning in the gain profile, a single parameter
can be used to assess the impact of gain filtering for parametric
analysis. At each level of saturation I0/Isat , the maximum value
of g0/gk is calculated using all transverse modes. The resultant
quantity of g0/gmax represents the largest higher order mode
gain at any given level of saturation and will be used to ana-
lyze various fiber cross sections. Since the higher order mode
experiencing the most gain changes with saturation level, plot-
ting this parameter as a function of saturation level can result in
observable kinks.

A fiber with a uniform gain doping region that is smaller
than the waveguide core diameter, as shown in Fig. 2(a), is
considered. In practical terms, the region without gain dopant
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Fig. 2. (a) Depiction of fiber with a step gain dopant profile that is smaller than
the waveguide diameter. (b) Differential gain ratio as a function of saturation
level for various step gain dopant diameters for a fiber with a 50-µm, 0.05-NA
core. (c) Same as (b) for a fiber with a 100-µm-core diameter.

needs to have additional dopants to match the refractive in-
dex of the region with gain. Fig. 2(b) shows the differential
gain ratio g0/gmax as a function of saturation level I0/Isat for
various diameters of the step gain dopant profile for a fiber
with a waveguide core of 50 µm diameter and 0.05 NA. The
50-µm-diameter case corresponds to the results shown in Fig. 1,
where the higher order modes experience higher gain than the
fundamental mode as the gain saturates. As the gain diameter is
decreased to 40 µm, the overlap of the fundamental mode with
the gain region is increased relative to the higher order modes
at all levels of saturation. As the gain dopant diameter is fur-
ther decreased to 30 µm, the overlap of the fundamental mode
with the gain is further increased, such that the LP01 mode has
higher differential gain than all other modes by at least 40% at
all levels of saturation. As the gain dopant diameter is reduced
further, the relative overlap of the LP01 mode decreases relative

to other LP0M modes (M > 1), which are center peaked. At a
gain dopant diameter of 20 µm, the higher order LP0M modes
have the highest overlap with the gain at all saturation levels.
Fig. 2(c) shows the same behavior for a similar fiber with a
100-µm core diameter. The gain margins become smaller for
the larger core fiber because the higher order modes are bet-
ter confined within the waveguide. Nonetheless, the differential
gain for the fundamental mode is ∼20% larger than all other
modes at all levels of saturation for an optimal gain dopant di-
ameter. With a uniform gain dopant profile that is narrower than
the waveguide core, the fundamental mode experiences more
gain than all higher order modes regardless of saturation by
denying gain near the edge of the waveguide.

Fig. 2 demonstrates that using a uniform gain dopant profile
with a diameter that is 50%–60% of the waveguide core results
in fundamental mode gain that is larger than all other modes
regardless of the saturation level, at which point single-mode
operation can be expected. Given these results, one might spec-
ulate that matching the gain dopant profile to the fundamental
mode profile would yield even better differential gain, since the
fundamental mode can experience more net gain due to more
uniform saturation. Such a fiber is depicted in Fig. 3(a). Fig. 3(b)
and (c) shows the differential gain ratio g0/gmax as a function of
saturation level I0/Isat for various diameters of a Gaussian gain
dopant profile for a fiber with a 0.05 NA waveguide core of
50 µm diameter and 100 µm diameter, respectively. The
Gaussian gain dopant profile exhibits similar behavior to the
step gain dopant profile, with some noticeable differences. First,
the differential gain ratio at the optimal Gaussian width is less
than 20% for the 50 µm fiber and 10% for the 100 µm fiber.
This is only half the margin afforded by the step gain dopant
profile. Second, the optimal Gaussian width occurs where the
gain profile is narrower than the mode profile. This indicates
that, in this case, the gain filtering effect is not affected by mode
matching as much as it is by denying gain near the edge of the
waveguide to the higher order modes. This is consistent with
understanding the gain saturation process; the Gaussian gain
dopant profile provides gain near the edge of the waveguide,
whereas the step gain dopant profile does not. Therefore, mode-
matched gain dopant profiles provide gain at larger radii where
higher order modes can benefit, even when saturated by the fun-
damental mode. While it seems intuitive that matching the gain
profile to that of the fundamental mode should result in higher
modal discrimination, using such a profile makes additional gain
available to higher order modes at larger radii, where it simply
does not exist for the step profile.

For a gain dopant profile that is a truncated Gaussian (i.e.,
one that extends only a finite radial distance that can be smaller
than the core boundary), the calculated performance is better
than that shown in Fig. 3, but not as good as the step gain dopant
profile. The reason is that the Gaussian shape will provide the
higher gain for narrow-peaked modes (i.e., LP0M modes where
M > 1) as opposed to the step case, which yields higher gain to
wide-center-peaked modes (i.e., the LP01 mode). Therefore, the
reduced-diameter step gain dopant profile offers the best balance
between gain filtering of LP0M modes and gain filtering of other
higher order modes.
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Fig. 3. (a) Depiction of fiber with a Gaussian-shaped gain dopant profile.
(b) Differential gain ratio as a function of saturation level for various Gaussian
gain dopant diameters for a fiber with a 50-µm, 0.05-NA core. (c) Same as
(b) for a fiber with a 100-µm-core diameter.

III. GAIN FILTERING IN KILOWATT-CLASS FIBER AMPLIFIERS

In Section II, an analytic model was used to understand the
physics of gain filtering and provide direction for appropriate
fiber designs. To more completely validate this concept, full
numerical simulations are performed for single-pass, kilowatt-
class amplifiers, including axial variation of pump and signal,
and transverse calculation of gain and mode profile. Such an
amplifier is described by the model [15]

±dPk

dz
= σe(λk )Pk (z)

∫∫
|Φk (r, φ)|2n2(r, φ, z) dA

− σa(λk )Pk (z)
∫∫

|Φk (r, φ)|2n1(r, φ, z) dA (4)

dn2

dt
= n1

∑
Pk |Φk (r, φ)|2 σa(λk )/hνk

− n2

∑
Pk |Φk (r, φ)|2 σe(λk )/hνk − n2/τ = 0

(5)

TABLE I
PARAMETERS USED FOR AND CALCULATED BY NUMERICAL SIMULATIONS

and

n1(r, φ, z) + n2(r, φ, z) = nT (r, φ) (6)

where Pk and φk describe the modal power and power-
normalized mode profile of the kth LP mode, σe and σa are
the emission and absorption cross sections, and n2 , n1 , and nT

are the upper-state, ground-state, and total populations, respec-
tively. Equation (4) embodies the light propagation via emission
and absorption with a model that is modally resolved, yet con-
tains the spatial information of the gain profile. The pump can
also be modeled via (4), assuming that the pump intensity is uni-
form across the core. Equation (5) includes spatially resolved
emission and absorption, and therefore, encompasses the ef-
fects of transverse spatial hole burning. Equation (6) relates the
upper- and lower-state populations to the total population that
contains the shape of the gain dopant profile.

Several physical phenomena are not represented by (4) and
(5). Spontaneous emission can be included in a simple fash-
ion [15] but will not change the result of this analysis. Coherent
addition of modes (representing speckle effects) is not relevant
to the present analysis, since the power contained in a given
mode will be used as a metric rather than the beam quality pa-
rameter (i.e., M 2), which is dependent on the phase difference
between the modes. Mode mixing can be included as well [15],
but experimentally realistic values are difficult to obtain. Addi-
tionally, the simulation results will show that transverse spatial
hole burning is a much larger factor than mode mixing in de-
grading the beam quality in LMA fiber amplifiers.

Dual-clad, ytterbium-doped-fiber amplifiers are modeled us-
ing all of the fiber modes and bidirectional pumping. The upper-
state lifetime is taken as the common value of 1 ms, although
this is not critical to the simulation results. The pump and signal
wavelengths are 915 and 1060 nm, respectively, with emission
and absorption cross sections taken from a fit to experimental
measurements [19]. Two 12-m-long fiber amplifiers are mod-
eled, with 0.05 NA cores of 50 and 100 µm diameter. Other
values associated with these two fibers are shown in Table I.
The cladding diameter is chosen to suggest reasonable values
of pump brightness and to scale with the core area. Table I also
lists the pump power injected into each end of the fiber as well
as the nominal output power calculated for each case.

Based on the results of the calculations and physical un-
derstanding presented in Section II, the numerical simulations
focus on gain filtering using a step gain dopant profile. In the
following discussion, the term “seed purity” refers to the frac-
tion of power contained in the fundamental mode of the beam
that is injected into the fiber amplifier. Light that is not injected
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Fig. 4. Fraction of output power in the fundamental mode as a function of
step gain dopant diameter at various values of the injected seed purity for a fiber
with a 0.05-NA waveguide core with a diameter of (a) 50 µm. (b) 100 µm.

into the fundamental mode is uniformly distributed among the
remaining modes.

Fig. 4(a) shows the fraction of output power in the funda-
mental mode as a function of step gain dopant profile diameter
for various values of injected seed purity for a fiber with a core
diameter of 50 µm. The trend as a function of step gain dopant
diameter is as expected from Fig. 2(b), with the optimal step gain
dopant diameter being 30 µm. Fig. 4(a) also demonstrates just
how well such an amplifier should perform. The output beam
purity should be exceptionally high regardless of seed purity.
The range of step gain dopant diameter that provides excellent
gain filtering is very broad. If reasonable care is taken at injec-
tion (i.e., 0.9 seed purity), the step gain dopant diameter can
be anywhere from 25 to 35 µm in order to obtain 99% of the
output power in the fundamental mode. For the same range of
gain dopant diameter, a seed purity as low as 0.5 results in 90%
of the output power in the fundamental mode. Such broad toler-
ances on fabrication and injection are in stark contrast to other
loss-based filtering techniques. A more subtle point of Fig. 4(a)
is that in the correct range of gain dopant diameter, the beam
quality improves by propagating through the active fiber. This
is a clear demonstration of gain filtering.

Fig. 4(a) demonstrates precisely why obtaining single-mode
output from LMA fibers is so difficult; having the gain dopant
fill the entire waveguide core is nearly the worst condition for
high-beam-quality output [also evident in Fig. 2(b)]. Fig. 4(a)
shows that for a step gain diameter of 50 µm, the case where the
gain dopant fills the entire core, the beam quality at the output

is worse than that injected into the amplifier. As an example, for
0.9 seed purity, the fiber amplifier output contains less than 60%
of the power in the fundamental mode. Since the gain satura-
tion occurs first in the center of the waveguide, the higher order
modes extract the unsaturated gain near the edge of the waveg-
uide and experience higher gain than the fundamental mode,
degrading the beam quality of the output. This is the reason that
such high levels of modal discrimination are normally required,
and why uniformly filling the core with gain dopants should be
avoided in LMA fibers.

Fig. 4(b) shows similar results for calculations of a fiber with
a 100 µm core. The optimal gain doping diameter of 53 µm
(53% of the core diameter) is relatively smaller than that of the
50 µm fiber (60% of its core diameter), since the higher order
modes are more confined within the larger waveguide core than
within the smaller core. The tolerance on the optimized doping
diameter is doubled, corresponding to the doubled size of the
fiber core. As predicted by the analytic model in Section II, the
performance is not quite as good as the 50 µm fiber. However,
for a 20 µm range of gain dopant diameters, gain filtering in
100-µm-core fibers still leads to over 98% of the power in the
fundamental mode for seed injection purity of 0.9 and over 88%
for seed injection purity of 0.5.

Although the calculation results displayed in Fig. 4 are for
fiber cores with NA = 0.05, similar trends should occur for dif-
ferent NAs, with gain filtering being somewhat less effective
for larger NAs due to the confinement properties of the stronger
waveguide. Using Fig. 4 as an example, scaling the NA of a
50-µm-diameter core from 0.05 to 0.10, the performance degra-
dation from Fig. 4(a) should be similar to what is displayed in
Fig. 4(b).

When examining the modal output of the fiber amplifier, the
mode purity method used in Fig. 4 is a more stringent measure
of beam quality than the M 2 method. It has been shown that as
much as 30% of the power can be contained in the LP11 mode
and still provides a “good” value of M 2 less than 1.3 [20]. A
beam with 90% of the power in the fundamental mode represents
excellent beam quality.

IV. DISCUSSION AND CONCLUSION

Since the gain dopant diameter is smaller than the core di-
ameter, gain filtering may at first glance seem to introduce a
penalty on the system performance, either as reduced power
extraction efficiency or by requiring longer fiber to maximize
absorption of pump light. The proper way to design gain filtering
into a fiber amplifier is not by reducing the gain diameter, but
rather by increasing the waveguide diameter while maintaining
a fixed gain diameter. In this way, the relationship between the
inner cladding diameter and gain diameter is preserved and no
penalty is incurred. This is readily seen from Fig. 4(b) for a
gain diameter of 50 µm, which shows vastly improved beam
quality characteristics compared to the 50 µm gain diameter in
Fig. 4(a). The implication of this design rule is that mode areas
can be increased by approximately a factor of 4 using the same
pump/inner-clad geometries that are currently in use. This has a
significant impact on nonlinear thresholds that can allow longer
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Fig. 5. Fraction of output power in the fundamental mode as a function of
fiber bend radius for 0.05-NA graded-index fibers with 50 and 100 µm cores,
at injected seed purity of 0.91 and 0.50. The dotted line shows the radius for a
spool that would readily fit into a 19-in rack-mounted package.

fiber, and thus, larger clad/gain core diameter ratios for scaling
to higher powers. Fig. 4 suggests that the fiber core can scale
well beyond 100 µm while retaining excellent beam quality at
the output of the fiber amplifier.

Another factor that impacts gain filtering is bending the fiber.
Any active fiber must be spooled to package a practical high-
power fiber laser or amplifier system. The curvature induced
in the fiber by such spooling may lead to bend-induced mode
deformation [21]. Mode deformation bunches the optical modes
toward the outside edge of the bend, which decreases the effec-
tive area of the fundamental mode. When used in conjunction
with gain filtering, this has the undesirable effect of moving the
fundamental mode center off the center of the gain dopant pro-
file, thereby diminishing the effects of gain filtering. This effect
can be largely avoided by using a graded-index profile rather
than a step-index profile. It has been calculated that when bend-
ing a graded-index LMA fiber, the mode shape is preserved
and its offset from the center of the waveguide is relatively
small [22]. The impact of such a shift on the output beam qual-
ity is shown in Fig. 5, which displays the fraction of output
power in the fundamental mode as a function of fiber bend ra-
dius for 0.05-NA graded-index fibers of various core diameters
and injected-seed-purity levels. To generate this figure, modes
of the bent graded-index fiber were calculated via conventional
finite-difference model [22], These modes were used to resolve
(4)–(6) along the length of the amplifier.

Fig. 5 shows that tighter bends result in worse spatial perfor-
mance at the amplifier output. However, with intelligent pack-
aging, the impact can be minimized. The dashed line in Fig. 5
represents a fiber-spool radius that would fit into packaging de-
signed for a conventional 19-in equipment rack. Using this as a
practical metric, bending has only a minor impact on gain filter-
ing. For example, the percentage of power in the fundamental
mode is reduced from 99.3% to 99.0% for the 50 µm fiber in-
jected with 0.91 seed purity. For 0.50 seed purity, the same fiber
changes from 93% to 91% output purity with a 20 cm bend.
The trends are similar for the 100-µm-core fiber, reducing from
98.8% to 97.5% output purity for 0.91 seed purity and from

94% to 89% output purity for 0.50 seed purity. Gain filtering
remains strong in all cases, leading to beam quality degradation
of only a few percent with bending. The impact of bending can
be further reduced by assuming a packaging form that is noncir-
cular. The fiber can be packaged in a race-track-type shape, with
long straight paths and short bent sections. This configuration
optimizes the gain filtering in the long sections, with only slight
degradations in the bent sections caused by the bend-induced
mode offset.

Gain filtering results in a net differential gain that is higher
for the fundamental mode than for all other modes regardless
of the saturation level. It is more efficient than loss filtering
because no light is discarded, and is extremely robust since it
depends on the spatial mode profile rather than the propagation
coefficients. The preceding calculations have shown gain filter-
ing to be robust toward seed-mode purity, robust against relative
geometrical cross-section dimensions, and robust against core
diameter. Such a robust architecture is scalable in power and
energy.

In conclusion, gain filtering of higher order modes in LMA
fibers is an extremely robust method for providing diffraction-
limited performance regardless of the core diameter or input
beam quality. Analytic calculations demonstrate that reducing
the diameter of the gain dopants compared to the waveguide
diameter produces differential gain that is higher for the funda-
mental mode than all other fiber modes at all saturation levels.
Matching the gain dopant to the mode profile is not as bene-
ficial as a simple step profile, since the primary mechanism of
gain filtering is to deny gain toward the edge of the waveguide
where most of the higher-order-mode power is contained. Nu-
merical simulations of multikilowatt fiber amplifiers with up to
100-µm-diameter cores show that gain filtering is extremely ro-
bust, providing 99% of the output power in the fundamental
mode output with only 90% of the seed power in the fundamen-
tal mode. Even with poor seed launch with 50% of the power in
the fundamental mode, gain filtering can provide up to 90% of
the output power in the fundamental mode.
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