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We present, for the first time to our knowledge, an explicit experimental comparison of beam quality in conventional
and confined-gainmultimode fiber lasers. In the conventional fiber laser, beam quality degrades with increasing out-
put power. In the confined-gain fiber laser, the beam quality is good and does not degrade with output power. Gain
filtering of higher-order modes in 28 μm diameter core fiber lasers is demonstrated with a beam quality ofM2 ¼ 1:3 at
all pumping levels. Theoretical modeling is shown to agree well with experimentally observed trends. © 2010
Optical Society of America
OCIS codes: 060.2320, 140.3510, 140.5560, 060.2430, 230.7370.

Large-mode-area (LMA) fibers are commonly used in fi-
ber lasers and amplifiers to avoid nonlinear limitations
caused by high cw or peak optical power. Coiling the fi-
ber is a commonmethod to eliminate higher-order modes
(HOMs) from such a multimode fiber [1]. Because bend
loss is determined by the effective index of the mode, and
the range of effective indices is fixed for a given numer-
ical aperture (N.A.) regardless of core diameter, modal
discrimination becomes increasingly difficult with in-
creasing core diameters. Consequently, simultaneously
achieving high efficiency and good beam quality is diffi-
cult for fiber lasers and amplifiers having core diameters
larger than ∼25 μm.
In response to this core-size limit, transverse refractive

index profile designs have been developed to promote
loss for HOMs, either in coiled [2,3] or uncoiled [4–6] con-
ditions. Fiber designs that provide high loss for HOMs
inevitably lead to some loss for the fundamental mode,
resulting in reduced laser or amplifier efficiency. Alterna-
tive architectures have been designed to reduce the cou-
pling between transverse modes of the fiber, such that
light launched into the desired mode will largely remain
in that mode [7,8].
Tailoring the transverse profile of the gain dopant

makes effective modal discrimination possible by provid-
ing higher gain overlap with the fundamental mode than
with HOMs. In 1985, it was noted that reducing the pump
diameter in a solid-state Nd:YAG laser obviated the need
for a mode-control aperture in the cavity [9]. In 1998, a
similar concept was applied to the fast-axis mode proper-
ties of semiconductor lasers, wherein the waveguide sup-
ported two modes and the quantum-well gain layer was
positioned at the null of the second mode [10]. In the
same time period, early experimental work in erbium-
doped fibers indicated that allowing the gain to either
match the fundamental mode profile [2] or be confined to
the central portion of the core [11] resulted in single-
mode behavior for fiber-core diameters around 20 μm.
A recent theoretical study showed that confining the

gain to the central portion of the fiber core can lead
to single-mode behavior in kilowatt-level fiber amplifiers
with 100 μm diameter cores [12]. This gain filtering (in
contrast to conventional loss-filtering techniques men-

tioned above) occurs because the spatial overlap be-
tween the modes and the gain provides higher gain for
the fundamental mode than for all other modes regard-
less of the saturation level.

In the present Letter, gain filtering is explicitly demon-
strated experimentally in ytterbium-doped fiber lasers.
The first beam-quality measurements are provided, show-
ing a direct comparison between conventional and
confined-gain LMA fiber lasers. Near-diffraction-limited
operation of a gain-filtered fiber laser is demonstrated
with a mode area that is twice as large as previously
reported results using gain tailoring [2,11].

The experimental configuration comprised an
ytterbium-doped-fiber gain medium within a linear laser
cavity. The output end of the resonator was the cleaved
fiber (4% reflectivity), while the back end of the cavity
was completed by butt coupling the other cleaved fiber
end to a high-quality dielectric mirror (>99% reflectivity).
The 915 nm wavelength pump was injected into the out-
put end of the resonator through a dichroic mirror, result-
ing in the spectral separation of the laser emission.
Measurements on the laser output included power, spec-
tra, and beam quality.

Three fibers supplied by OFS Laboratories [13] were
tested in laser configurations. For each laser, the fibers
were loosely coiled with an ∼6 cm radius to contain the
fiber without stripping off HOMs via bend loss. All of the
fibers nominally had a 28 μm diam, 0:06 N:A: core pro-
viding a 20 μm mode-field diameter and a 190 μm diam,
0:44 N:A: cladding. This fiber supports nine spatially non-
degenerate core modes. Several other (leaky) modes are
near but below cutoff and can be excited and lase in the
presence of sufficient gain [6].

In the conventional fiber, the entire core was uniformly
doped with ytterbium. In the confined-gain fibers, the
uniform gain doping extended across only a portion of
the core. Table 1 shows the relative and absolute gain
diameters, the cladding pump absorption, the fiber length
required to have equivalent total pump absorption in
each laser, and the actual length of fiber used in the
experiments. Although 12 m of the 62% gain-doping-
diameter fiber was required for equivalent pump vol-
umes, only 10 m was available for the experiments.
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The laser using this fiber did not have the same total
pump absorption as the other two. All of the lasers op-
erated with very wide spectral emission in two wave-
length bands centered around 1030 and 1070 nm.
The gain diameter has a significant impact on the

output-power characteristics of the lasers, as illustrated
in Fig. 1 for lasers using fibers 1 and 2, the two fibers that
have the same total pump absorption. The gain-filtered
fiber laser (fiber 2) has a lower threshold than the con-
ventional fiber laser (fiber 1) owing to the overlap of the
optical mode with the gain; the fundamental mode of a
multimode fiber has a mode-field diameter that is smaller
than the waveguide width and, therefore, extracts the
gain more efficiently if the gain-doping diameter is smal-
ler than the waveguide diameter [14]. In contrast, the en-
tire core of the conventional fiber must be pumped to the
threshold level, even though the fundamental mode
extracts gain only from the central portion, resulting in
a higher pump-power threshold. When pumping is in-
creased above the lasing threshold, HOMs can utilize
the remaining gain near the edge of the waveguide, pro-
viding a comparable slope efficiency as the gain-filtered
fiber laser.
The gain diameter also has a significant impact on the

output beam quality. Figure 2 shows both dimensions of
the M2 parameter as a function of output power for all
three lasers. In the conventional fiber laser (fiber 1),
the beam quality degrades as the pump power increases.
Analogous to the manner in which axial gain saturation
leads to multispectral-mode operation in many laser sys-
tems, transverse gain saturation leads to multispatial-
mode operation in LMA fiber lasers. Specifically, the
lowest-order modes experience the highest gain because
of their high spatial overlap with the gain. Because their
power is concentrated toward the center of the wave-
guide, the saturation caused by these modes as the pump
power is increased leaves higher gain available toward

the edge of the waveguide. HOMs can use this gain to
reach the threshold, causing the beam quality to degrade
with increasing laser output power. The significant pre-
sence of modes near the cutoff is responsible for the
large values of M2 at high powers, because M2 of a given
mode increases drastically near cutoff [15].

In contrast, Fig. 2 shows that the beam quality of the
gain-filtered fiber lasers (fibers 2 and 3) is nearly con-
stant as a function of output power. The lowest-order
modes are generally more confined within the fiber core
and, therefore, experience the highest gain because of
their high spatial overlap with the gain-doping profile. As
the gain is saturated with increased laser power, no gain
exists near the edge of the waveguide. Therefore, HOMs
cannot reach lasing threshold, regardless of the satura-
tion level, and beam quality is preserved as the output
power is increased. Having a smaller gain-doping dia-
meter makes it possible for even fewer modes to reach
the lasing threshold, resulting in anM2 value of 1.3 for the
62% gain-doping diameter.

Modeling of fiber amplifiers showed that gain filtering
provides very high single-mode content with reasonable
launch conditions [12]. This same study showed that the
modal content at the amplifier output depends on the
gain-doping diameter, similar to the behavior shown in
Fig. 2. For a more quantitative comparison, each set of
experimentalM2 data was averaged in the X and Y direc-
tions and fitted to linear forms. Using the maximum
power output of the conventional fiber laser (4 W), the
extrapolated M2 parameter for each of the three lasers
is plotted in Fig. 3 as a function of the relative gain-doping
diameter. The solid curve was derived from the modeling
data in [12], assuming that the fraction of power not in
the fundamental mode is evenly distributed among the
HOMs that would exist in a fiber with the diameter of

Table 1. Various Parameters of Fibers Used in Experiments

Fiber
Number

Relative Gain-Doping
Diameter

Absolute Gain-Doping
Diameter

Cladding Pump
Absorption

Required Fiber
Length

Actual Fiber
Length

1 100% 28 μm 1:79 dB=m 4:7 m 4:8 m
2 76% 21 μm 0:83 dB=m 10:1 m 9:9 m
3 62% 17 μm 0:69 dB=m 12:2 m 9:8 m

Fig. 1. (Color online) Output power of conventional (circles)
and 76% gain doping diameter (diamonds) fiber lasers as a func-
tion of launched pump power.

Fig. 2. (Color online) MeasuredM2 parameter in both horizon-
tal (solid) and vertical (open) directions as a function of laser
output power for conventional (diamonds) and gain-filtered fi-
ber lasers, both 76% (circles) and 62% (triangles) relative gain-
doping diameters.

June 1, 2010 / Vol. 35, No. 11 / OPTICS LETTERS 1829



the gain doping. This reduction in the number of modes
represents the effect of gain filtering: generally, HOMs
have a larger transverse wave vector and a larger spatial
extent, and, therefore, a lower overlap with the confined
gain. The large modes of the 28 μm core are used in the
calculation, but the number of spatially orthogonal
modes used is reduced for the gain-filtered fiber lasers.
Specifically nine, seven, and three modes are used for
fibers 1, 2, and 3, respectively. Assuming incoherence
among the modes, which is a reasonable statistical ap-
proximation in a multifrequency laser, the M2 parameter
can be estimated by using the average value of theM2 for
the selected modes [15]. Processing the data in this way
allows for a coarse comparison of the modeling results
with the experimental measurements, yet the trends
shown in Fig. 3 match exceptionally well.
The modal stability characteristics of the fiber lasers

are important. When tapping or bending the conventional
fiber, the modal distribution of the laser output changed
dramatically, converging to a steady state that was often
different from the original state. When perturbing the
gain-filtered fiber lasers, the modal distribution of the
output remained nearly constant, with the steady state
nearly identical to the output before the perturbations.
Although the present gain-filtered fiber laser does not

operate in a single spatial mode, such operation can be
achieved by fabricating a fiber whose gain diameter is
even smaller. Gain filtering should also provide single-
mode operation when used in a fiber-amplifier configura-
tion. In contrast to a laser in which all modes are seeded
by spontaneous emission, reasonable beam quality can
be injected into the amplifier, and the higher differential
gain of the fundamental mode effectively suppresses the
growth of all other modes [12].
The fibers used in this experiment had the same wave-

guide diameter, so the gain-filtered fibers were longer to
preserve similar total pump-absorption properties for

each laser. This is undesirable for power scaling because
the nonlinear thresholds depend inversely on the length
of the fiber. Therefore, when designing such a fiber, the
correct method is to increase 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 minimal fiber length can
be obtained.

In conclusion, an explicit experimental comparison of
beam quality in conventional and confined-gain multi-
mode fiber lasers is presented for the first time. In the
conventional fiber laser, the beam quality degrades with
increasing output power. In the confined-gain fiber laser,
the beam quality is good and does not degrade with out-
put power. Gain filtering of HOMs in 28 μm diam core
fiber lasers is demonstrated with a beam quality of M2 ¼
1:3 at all pumping levels. Theoretical modeling is shown
to agree well with experimentally observed trends.

The authors thank OFS for the fibers used in the
experiments.
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Fig. 3. (Color online) M2 parameter as a function of the
relative gain-doping diameter from experiments (points) and
model (solid curves) at various amounts of fundamental mode
content launched into the amplifier: 0.7 (dashed), 0.8 (solid),
and 0.9 (dotted).
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