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High-Power and Tunable Operation of
Erbium-Ytterbium Co-Doped
Cladding-Pumped Fiber Lasers
Johan Nilsson, Shaif-Ul Alam, Jose A. Alvarez-Chavez, Paul W. Turner, W. Andrew Clarkson, and
Anatoly B. Grudinin

Abstract—We describe erbium-ytterbium co-doped fiber
lasers in different free-running and tunable configurations.
The lasers were cladding-pumped by high-power multimode
diode sources. We compare pumping at 915 and 980 nm. With a
free-running laser, we obtained slope efficiencies of up to 50%
with 915-nm pumping and 38% with 980-nm pumping, with
respect to absorbed pump power. We reached a double-ended
output power of 16.8 W from the free-running laser. Thanks to
a high rare-earth concentration and a small inner cladding area
(possible with the high-brightness pump sources we used), the
operating pump absorption of the fiber reached 8 dB/m. With
such high absorption, short fibers with high nonlinear thresholds
are possible even with cladding pumping. The tunable fiber laser
had a tuning range from 1533 to 1600 nm and emitted 6.7 W of
output power at 1550 nm in a high-brightness, single-polarization,
narrow linewidth beam.
Index Terms—Double-clad fiber, erbium, fiber laser, laser
tuning, ytterbium.

I. INTRODUCTION

C

LADDING-PUMPED fiber lasers offer a unique combination of high power, high efficiency, compactness,
simple service-free operation, and high reliability. The shape of
an optical fiber laser reduces the thermal loading density and is
good for heat-sinking. Optical waveguiding further safeguards
against thermal distortion of the lasing field even at high powers.
For these reasons, fiber lasers can be power-scaled without
the reduction of efficiency and brightness that are common
problems for conventional “bulk” lasers. To date, output powers
of well over 100 W in nearly diffraction-limited beams and
1 kW in multimode beams have been reported from ytterbiumand neodymium-doped fiber lasers at wavelengths of around
1.1 m [1]–[4]. While ytterbium- and neodymium-doped
fiber lasers are attractive because of their efficiency, emission
in other wavelength regions requires other dopants. For the
important wavelength range around 1.55 m, there are erbium-ytterbium co-doped fiber lasers (EYDFLs) and amplifiers
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(EYDFAs). For cladding pumping, the absorption of erbium
is impractically low. Therefore, ytterbium is added to absorb
the pump. The pump energy is transferred nonradiatively from
Yb -ions to Er -ions, which then emit around 1.55 m [5].
Cladding-pumped EYDFLs and EYDFAs have both attracted
considerable attention, though mostly at modest power levels,
typically a few watts or less in line with the requirements
of optical communications and other applications [6]–[18].
However, EYDFLs and EYDFAs can deliver more power than
that, making them useful, e.g., for applications like LIDAR as
well as applications in medicine that benefit from the relatively
eye-safe nature of 1.55- m light. The commercial appearance
of EYDFAs with up to 20 W of output power underlines the
significance of these devices [19]. The use of such amplifiers
in pulse amplification and wavelength conversion schemes
has recently been reported [20], [21]. Still, though high-power
cladding-pumped EYDFL and EYDFAs have been with us for
several years now, and despite their significance, experimental
details remain scarce in the literature.
In this paper, we present experimental data on high-power
cladding-pumped EYDFLs in different configurations. With a
free-running laser, we reached 16.8 W of double-sided output
power. With an external grating, the EYDFL was tunable from
1535 to 1600 nm, with a maximum output power of 6.7 W at
1550 nm and with a linewidth of 0.25 nm. We studied the influence of fiber length and found the EYDFL to be efficient
for fibers as short as 1.4 m. We compared pumping at 915 and
980 nm, which are preferred pump wavelengths. The slope efficiency was up to 50% with 915-nm pumping and 38% with
980-nm pumping, both with respect to absorbed pump power.

II. EXPERIMENTAL SETUP
Our erbium-ytterbium co-doped fiber (EYDF) was a conventional double-clad fiber, with a core for guiding the lasing light
centered in a circular inner cladding that also served as a waveguide for the pump light. The fiber was made in-house with the
standard MCVD and solution-doping technique. The core consisted of a phosphosilicate glass activated with Er and Yb .
It had a diameter of 12 m and a numerical aperture of 0.175,
resulting in a calculated cutoff wavelength of 2.7 m with five
modes supported at 1550 nm. However, if the core NA is reduced to 0.1, the core would become strictly single-moded at
1550 nm. The inner cladding was made of pure silica and had
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(a)

Fig. 1. Absorption spectra of a 1-m-long piece of our EYDF. The curve with
the low absorption was measured without any sharp bends on the fiber. The
curve with the high absorption was measured with the fiber bent to a figure-eight
shape.

a diameter of 125 m. It was coated by a low-index UV-curable polymer outer cladding that provided a nominal numerical
aperture of 0.48 for light in the inner cladding. Our fabrication
process for EYDFs is described in [22].
From a large number of EYDFs fabricated in house, we
selected a fiber with large pump absorption for the experiments
described here. The high pump absorption allowed for a
good efficiency for fibers as short as 1.4–2 m, even in this
cladding-pumped configuration. Short fibers are attractive
for mitigating various nonlinear effects, such as stimulated
Brillouin scattering. We measured the absorption in a 1-m-long
piece of fiber and found it to be 2.7 dB at the absorption peak
at around 975 nm and 2.0 dB at 915 nm. It was measured
with a white light source that filled the NA and the aperture
of the inner cladding. We further measured the erbium core
absorption at the 1535-nm peak to 60 dB/m. The pump beam
in an actual EYDFL is typically launched under different
conditions, which modifies the absorption somewhat. Much
more important, though, is that different pump modes (of the
inner cladding) are absorbed at different rates. In a double-clad
fiber with a rare-earth doped core centered in a circular inner
cladding, a large number of pump modes have a poor overlap
with the core. The absorption of such pump modes will be poor.
For efficient absorption of all pump light, we need to scramble
the pump modes somehow, especially when working with
short fibers for which mode-scrambling would otherwise be
negligible. See [23]. In our laser experiments, we did scramble
the modes by bending the fiber into a figure-eight. However, in
each end approximately 0.2 m of the fiber remained essentially
straight. This reduced the overall mode-scrambling, and thus
the total pump absorption, especially with short fibers. Fig. 1
illustrates the absorption spectra, measured with and without
bending the fiber to a figure-eight. By bending the fiber, we
increased the small-signal absorption of the 1-m-long fiber to
4.9 dB at 915 nm and to 13.4 dB/m at the 975-nm peak. Still,
for Yb in phosphosilicate, the peak absorption at 975 nm is
typically more than five times larger than the absorption at 915
nm, which would be even more than in Fig. 1. In a fiber with a
core centered in a circular inner cladding, some modes overlap
significantly with the core, and are almost completely absorbed
over 1 m, at both 975 and 915 nm. However, most of the

(b)

(c)

(d)
Fig. 2. Experimental setup. (a) Free-running laser pumped by single
beam-shaped 915-nm diode bar. (b) Free-running laser pumped by 980-nm
diode source. (c) Free-running laser pumped in opposite ends by two
beam-shaped 915-nm diode bars. (d) Tunable laser pumped by single
beam-shaped 915-nm diode bar.

transmitted power propagates in the modes with poor overlap
with the core. These modes are only weakly absorbed in 1 m
of fiber, at 975 nm as well as at 915 nm. The overall effect of
having strong absorption of some modes and weak absorption
of other modes is to reduce the difference in absorption at
different wavelengths. If this effect could be eliminated, the
975-nm absorption could be still higher. Noncircular fiber
cross-sectional geometries reduce the number of modes with
poor overlap with the core [23], [24]. In a noncircular fiber, we
believe that the 975-nm pump absorption may exceed 20 dB/m
with the same core and a similarly sized inner cladding as in
the fiber we used.
From the absorption measurements, we estimate the Yb-concentration to 2% by weight and the Er-concentration to 0.2% by
weight.
The experimental setup we used for the free-running laser is
shown in Fig. 2. Slightly different configurations were used,
with either single-ended pumping at 980 nm or with singleor double-ended pumping at 915 nm. For single-ended 915-nm
pumping, we used a diode bar from Optopower and a two-mirror
beam-shaper to equalize the beam propagation parameters in
orthogonal directions [25]. The pump beam was launched via
two dichroic mirrors and a gradient-index lens with a 25-mm
focal length into the EYDF. The lens was broadband AR-coated.
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The fiber was perpendicularly cleaved in both ends. The 4% reflecting bare fiber facets provided feedback for the laser. The
output from the fiber laser was thus double-sided. This configuration is suitable for characterization of the efficiency of rareearth doped fibers. For a more practical laser with a single-sided
output, we frequently use a high-reflecting element in one end
(e.g., a butted dichroic mirror or a fiber grating). With a high-reflection mirror in one end of the cavity, the total (single-ended)
output power typically remains similar to the double-ended one
with two 4% reflecting ends. Alternatively, a 4% reflecting end
can be used together with a low-reflecting (e.g., angle-cleaved)
fiber end to generate predominantly uni-directional output [26].
The dichroic mirrors at the input end separated the laser output
from the path of the pump beam. An identical mirror and lens arrangement was used in the other end of the fiber to split the pump
and laser output beams. We separately measured the power of
the three beams exiting the fiber. In order to determine the power
conversion properties of the fiber as accurately as possible, we
compensated for losses in the dichroics and lenses. Thus, the
powers and results quoted refer to the fiber’s exit facets. We
measured the pump outcoupling loss to 12%, coming mostly
from the lens while the mirror reflectivity was nearly 100%. The
signal outcoupling loss was 9%, of which 1%–2% was due to
the lens. For double-ended pumping we used two beam-shaped
diode bars, as illustrated in Fig. 2, with no provisions for measuring the transmitted pump power.
For 980-nm pumping, we used a Polychrome laser system
(Polaroid), combining eight broad-stripe diodes with a total
linewidth of 5 nm (full-width at half-maximum). The center
wavelength changed with pump current, from 973 nm at
threshold to 981 nm at maximum current. Nevertheless, we
refer to this as 980-nm pumping. The output from the pump
laser was collimated by a gradient-index lens with a 15-mm
focal length and launched through two dichroic mirrors and
an 8-mm focal-length aspheric lens into the fiber. The second
dichroic mirror provided extra protection for the pump diodes
from spurious spiking from the fiber laser. In the far end of the
fiber, an identical lens collimated the transmitted pump and
fiber laser output beams, with a dichroic mirror separating the
two beams. Again, reflections from perpendicularly cleaved
bare fiber ends closed the fiber laser cavity. Also with this
set-up, we compensated for outcoupling losses (between 5%
and 8%) in order to determine the powers exiting the fiber
facets.
For the tunable laser, we only used single-ended pumping
at 915 nm. The far end of the fiber was spliced to a standard
single-mode fiber with a core diameter of 8 m. The splice loss
from the EYDF to the single-mode fiber was less than 1 dB. The
single-mode fiber was then angle-polished to suppress reflections. An external diffraction grating blazed for 1.55 m with
600 lines/mm mounted on a rotation stage provided a wavelength selective tunable feedback via an aspheric lens with a 14
mm focal length. See Fig. 2. We estimate the fiber-to-fiber reflectivity to 20%. The standard single-mode fiber in the cavity
prevented signal light from being fed back into cladding-modes.
Furthermore, with a good splice to the EYDF, the single-mode
beam from the single-mode fiber can be preserved through the
multimoded EYDF, thus significantly improving output beam
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Fig. 3. Output power (double-ended) versus launched pump power for
different fiber lengths with single-ended pumping at 915 and 980 nm.

Fig. 4. Transmitted pump power versus launched pump power for different
fiber lengths with single-ended pumping at 915 and 980 nm.

quality [27], [28]. In addition, the linewidth of the feedback
from the diffraction grating can be smaller with single-mode
beams. The single-mode fiber protected the grating from excessive transmitted pump power, too. The single-sided output was
taken from the pump launch end through a dichroic mirror.
III. FREE-RUNNING LASER
Fig. 3 shows the total (double-ended) free-running laser
output power versus launched single-ended pump power for
different fiber lengths between 1.5 and 4 m with 915-nm
pumping, as well as for a fiber length of 1.4 m with 980-nm
pumping. For the 915-nm pumping, the slope efficiency with a
1.5-m-long fiber was lower than with longer fibers because of
incomplete pump absorption. It then increased before it gradually decreased again for longer fibers. The highest output power
was 6.0 W, which was reached both with 2- and 2.5-m-long
fibers. We attribute the decrease to excess propagation losses:
As the fiber gets longer, excess losses start to surpass the
benefits of increased pump absorption. Fig. 4 shows how the
pump transmission depends on the pump power for the same
set of parameters as used in Fig. 3.
The 1.5-m-long fiber emitted at 1536 and 1542 nm simultaneously. The wavelength then shifted to longer wavelengths
with longer fiber, to 1550–1560 nm for the 4-m-long fiber, as
a result of increased Er reabsorption. The performance with
980-nm pumping was worse than that with 915-nm pumping,
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Fig. 5. Output power (double-ended) versus absorbed pump power for
different fiber lengths with single-ended pumping at 915 and 980 nm.

Fig. 6. Slope efficiency and pump threshold power versus fiber length, with
respect to launched pump power (circles) and absorbed pump power (triangles).
Empty symbols: single-ended pumping at 915 nm (fiber lengths 1.5 – 4 m).
Filled symbols: single-ended pumping at 980 nm (single fiber length of 1.4 m).

with a maximum output power of 3.5 W. Again, the laser emitted
simultaneously at 1536 and 1542 nm.
In order to differentiate the influence of incomplete pump
absorption on slope efficiency from genuine loss mechanisms,
Fig. 5 plots the double-ended laser output power versus absorbed pump power for the configurations used for Fig. 3. As
we expect, the shortest fibers now have the highest slope efficiency with 915-nm pumping, since the excess propagation
losses would be smaller in a shorter fiber. Fig. 6 further illustrates how the slope efficiency depends on fiber length for
915-nm pumping. The laser threshold is shown, too, as are data
obtained with 980-nm pumping for a single fiber length of 1.4
m. We determined the slope efficiencies by fitting straight lines
to the measured data of Figs. 3 and 5. Also the thresholds were
determined from these lines, instead of being directly measured.
This was a rather imprecise way of determining threshold, as
illustrated by the large error bars. The slope efficiency with respect to launched power peaked for fiber lengths of 2 and 2.5
m, with a maximum value of 40%. The slope efficiency with
respect to absorbed power reached 49%–50% for 1.5–2-m-long
fibers. It then decreased for longer fibers, to 41% for a 4-m-long
fiber. With 980-nm pumping of the 1.4-m-long fiber, the slope
efficiency was 38% with respect to absorbed pump power.

We were unable to directly measure the launched pump power
by cutting back the fiber, since the absorption of our EYDF was
too high to be neglected except for impractically short fibers.
Instead, we measured the launched pump power on an undoped
but otherwise identical fiber with a length of 1 m, and compensated for the reflection loss at the output facet of the fiber.
A difficulty arises in that pump modes near cut-off have a large
loss over 1 m, e.g., several decibels. Consequently, the power
decreases significantly over 1 m even in the undoped fiber, and
to measure the launch after 1 m is somewhat arbitrary. A more
precise quantification of the EYDFL would need to take into account the different loss of different pump modes.
For further investigations of loss mechanisms, we simulated
the EYDFL with a spectrally and longitudinally resolved amplifier model (similar to [29]) with feedback from the end-facets.
We assumed the pump to be evenly distributed throughout the
core and cladding, in each transverse cross-section of the fiber.
This is an approximation: While the figure-eight layout of the
fiber scrambles the modes, the mode-scrambling is not sufficient to fully negate the effect of different modal absorptions,
given that a part of the fiber was not mode-scrambled and the
high rate at which the pump was absorbed. We used rate equations detailed in [30] to calculate the Er -inversion in the fiber.
Several other models have been developed for the simulation of
Er/Yb co-doped systems [18], [31]–[41]. However, in general,
EYDFs are quite complicated and any model has drawbacks, including difficulties with determining critical model parameters.
In high-power EYDFLs, the temperature rise in the core may
be large enough to modify the spectroscopic parameters of an
EYDF, which further significantly complicates the system [42].
Using a model for heating in rare-earth doped fibers [43], we
calculated temperature rises of over 100 K in our EYDFLs. A
high-power cladding-pumped EYDFL has yet to be accurately
simulated. Nevertheless, we believe that the model we use is
adequate for qualitative as well as reasonably accurate quantitative calculations, and we did indeed obtain fair quantitative
agreement with experiments.
The model showed that a propagation loss of 0.5–1 dB/m
would account for the dependence of the slope efficiency on
fiber length with 915-nm pumping. We did not measure the
propagation loss, but background losses can be several tenths of
decibels per meter in fibers with high rare-earth concentrations.
In addition, quenching via energy-transfer upconversion is a
known problem in erbium-doped fibers, leading to a certain
fraction of the Er-ions being impossible to excite and unsaturable absorption [44]. Though Er-quenching is low in highly
Yb-doped phosphosilicate fibers [22], it may still occur in our
EYDF, especially since the Er-concentration is quite high. A
loss of 0.5–1 dB/m would correspond to a quenched erbium
fraction of 1%–2%. Levels as low as 1%–2% are difficult to
measure, and we did not try to measure the quenching level.
We nevertheless tentatively attribute the reduction of slope
efficiency with fiber length to Er-quenching and background
loss. Erbium quenching could also account for the nonperfect
quantum slope efficiency. Our highest slope efficiency of 50%
corresponds to a quantum slope efficiency of 84%. However,
the details of how energy quanta are trapped by the quenched
centers are unknown, preventing us from quantifying this
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TABLE I
OPERATING PUMP ABSORPTION AT LOW AND MAXIMUM PUMP POWER AT 915 AND 980 NM, FOR DIFFERENT FIBER LENGTHS

process. We note that several other parasitic processes are
possible in EYDFLs, e.g., cumulative energy transfer from
ytterbium to high-lying erbium states [22], [31], [38]. We do
not know why 980-nm pumping is less efficient than 915-nm
pumping in our fiber. However, the 980-nm pump interacts
more strongly with the gain medium than a 915-nm pump
does. Certain loss mechanisms, and especially nonlinear loss
mechanisms like cumulative transfer, may then be expected to
have a greater impact with 980-nm pumping.
The energy transfer efficiency from ytterbium to erbium impacts on the overall slope efficiency, too. Since the pump excites
the Er -ions indirectly via energy transfer from Yb -ions,
more Yb -ions are excited at higher pump levels. This reduces
the pump absorption and thus the laser output power. (The direct excitation of Er -ions when pumping at 980 nm is negligible, because of the weak erbium absorption.) If the energy
transfer is poor, a large number of Yb -ions needs to be excited
in order to generate a certain rate of energy transfer. Returning to
Fig. 4, we see that there is some bleaching at low pump powers
with 915-nm pumping, as the pump transmission increases with
pump power. Higher pump powers lead to even more bleaching
(at least for a fiber length of 1.5 m), but the change is not so
large. Table I lists the low- and high-power operating pump absorption with 915- and 980-nm pumping. The absorption should
be better with 980-nm pumping but actually, it is similar to that
with 915-nm pumping. We believe that the reason for the unexpectedly poor absorption with 980-nm pumping is that the
mode scrambling was not as efficient as it was with 915-nm
pumping (the fiber had been moved and rearranged). The decrease in transmission at intermediate pump levels can be understood as a change of pump wavelength with pump power:

at intermediate powers, the pump wavelength is better matched
to the Yb absorption peak. However, especially with 980-nm
pumping, the heating of the EYDF with stronger pump power
may also affect the absorption, making the bleaching difficult to
interpret.
In order to better realize the potential of our EYDFL with
980-nm pumping, we bent the fiber more tightly to increase the
mode scrambling and thus the pump absorption. The absorption
then increased to 11 dB (8 dB/m) at a low pump power and to
9 dB at maximum pump power, with a simultaneous increase in
laser output power. The absorption was still less than the peak
absorption in Fig. 1, because the absorption at 980 nm is significantly lower than that at the peak. At lower pump powers, the
pump wavelength is closer to the absorption peak, on its short
wavelength side. To fully utilize the high absorption in this fiber
requires a better matched pump source than ours, with a narrower spectrum.
The reduced absorption at higher pump powers leads to
lower slope efficiency with respect to launched pump power.
However, the bleaching also reduces the slope efficiency with
respect to absorbed pump power via spontaneous emission
from the Yb -ions. In addition, excited Yb -ions generate
gain around 1060 nm. We have seen some EYDFLs with
poor energy transfer efficiency oscillate around 1060 nm
(also reported in [17]). This is the long-wavelength tail of the
Yb -emission, where reabsorption is small. The threshold
for 1060-nm lasing was typically 3–5 W. Though one can
argue that all EYDFLs eventually lase at Yb wavelengths
with strong enough pumping, Yb-lasing did not occur in the
EYDFL described in this paper. Still, the losses from Yb
spontaneous emission can be significant. We did not directly
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Fig. 7. Output power (double-ended) versus launched pump power,
double-ended pumping at 915 nm.

measure the integrated spontaneous emission, but it is possible
to estimate it from the pump bleaching. At a fluorescence
power equal to the pump saturation power (compensating
for the difference in pump and fluorescence photon energy,
and in the absence of energy transfer to erbium), the pump
absorption decreases by 4.34 dB. The pump saturation power
is approximately 7 W at 915 nm. At 975 nm, it should be
around one tenth of that, though it decreases rapidly at other
wavelengths because of the narrow linewidth of the absorption
peak. Furthermore, the multimode nature of the inner cladding
complicates the saturation characteristics and reduces the
difference between 915- and 980-nm pumping. At 915 nm,
Fig. 4 reveals a bleaching of between 0.5 and 1.2 dB, which
would correspond to a spontaneous emission of between 1 and
2 W. This suggests that an even more efficient energy transfer
with a reduced Yb-bleaching could significantly improve the
overall efficiency of the EYDFL.
Bleaching of the pump absorption (and 1060-nm lasing as an
ultimate consequence of a higher Yb-excitation) can limit how
much power an EYDFL can generate. Fig. 3 does indicate a tendency for the power to roll over with 980-nm pumping, perhaps
because of the drifting pump wavelength though the data is uncertain. However, with 915-nm pumping, the curves show no
sign of the output power rolling over as the pump power increases. Furthermore, the bleaching in Fig. 4 is small even at
high powers. This suggests that the output power could be even
higher with stronger pumping. To investigate this, we pumped
an EYDFL with two 915-nm beam-shaped diode bars in opposite ends of a 4-m-long fiber, as illustrated in Fig. 2. Fig. 7 shows
the laser output power versus total launched pump power. The
maximum output power is 15.8 W, still reached without any
signs of rollover. We then changed the fiber configuration in
order to improve the pump absorption and attained an output
power of 16.8 W.
IV. TUNABLE LASER
We investigated tuning characteristics of an EYDFL, using
the same fiber as before. Fig. 2 depicts the setup. We pumped
the 3.3-m-long EYDF with a launched pump power of approximately 25 W from a single beam-shaped 915-nm diode bar. The
laser could be tuned over a wide range of the erbium gain band
thanks to the high cavity gain. Fig. 8 plots the output power of

Fig. 8.
laser.

Output power versus wavelength, tunable laser. Inset: line shape of

the laser as a function of wavelength. The variation in output
power was less than 3 dB from 1533 to 1600 nm. Thus, the
tuning range was 67 nm (full-width at half-maximum). A maximum output power of about 6.7 W was obtained at 1550-nm
with a pump to signal conversion efficiency of 27%. We believe
that losses at the diffraction grating, including the fiber backcoupling losses, caused the reduction in conversion efficiency
of the tunable laser compared to that of the free-running laser.
The shift in the emission peak toward 1550 nm from the intrinsic
peak at 1535 nm is caused by reabsorption in the relatively
long EYDF: a long fiber is required to absorb the pump power,
but as a side effect, the emission shifts to longer wavelength.
A shorter cavity length shifts the tuning range to shorter wavelengths, however at the expense of lower pump-to-signal conversion efficiency as the pump absorption drops [26].
Typical tuning curves for fiber lasers tend to be relatively flat
and drop sharply at the edges of the tuning range. The tuning
curve in Fig. 8 differs from this, with the power dropping beyond 1560 nm. This is peculiar; it suggests some excess loss at
long wavelengths, but we have not identified any loss mechanism. The drop in gain at long wavelengths could also reduce
the output power, but simulations showed that the gain should
be high enough to maintain a high output power even at 1600
nm.
The linewidth of the output beam was much narrower than
that of the free-running laser. It remained approximately constant over the whole tuning range and was less than 0.25 nm everywhere. The inset in Fig. 8 shows one example. The linewidth
decreased somewhat at lower output powers. The temporal behavior of the laser output was monitored using a fast InGaAs
photodiode. Good temporal stability was observed throughout
the whole tuning range of the laser with power fluctuations
of less than 10%. The single-mode fiber spliced in one end
of the EYDF improved the beam quality. We did not measure
the beam quality directly. However, we did investigate the polarization of the output beam. We found that more than 95%
of the total output power was preferentially linearly polarized
in a single direction. This is a result of the polarization dependence of the diffraction grating and the fact that a mode
that is linearly polarized in one end of the cavity is also linearly polarized in the other end of the cavity. However, different modes would be polarized at different orientations. The
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high degree of polarization suggests that the output was (nearly)
single-moded. High-power, high-brightness, linear polarization,
and narrow linewidth output are attractive features in a pump
source for various nonlinear conversion processes. Since our
EYDF was not polarization-maintaining, and since there was no
control of net birefringence (varying with temperature changes
and with changes in the position of the fiber), the polarization
angle of a linearly polarized output beam is expected to drift
over timescales of a few minutes. For practical applications, a
fixed-polarization angle can be obtained simply with a rotatable
halfwave-plate, automatically controlled with feedback.
V. CONCLUSIONS
We have described cladding-pumped EYDFLs in free-running and tunable configurations. In a free-running laser configuration, we obtained slope efficiencies of up to 50% with
915-nm pumping and 38% with 980-nm pumping, with respect
to absorbed pump power. We reached an output power of 16.8
W from the free-running laser, pumped by two 915-nm beamshaped diode bars. The operating pump absorption of our fiber
laser reached 8 dB/m at 980 nm, and the small-signal absorption reached over 13 dB/m at 975 nm. Our fiber had a circular
inner cladding with a centered core. We predict even higher absorption with a noncircular inner cladding and with an off-centered core, at least if the pump source is accurately matched to
the narrow Yb absorption peak. The high pump absorption allows for short fibers with high nonlinear thresholds, even with
cladding pumping. This can be useful, for instance, for amplification of single-frequency signals. The tunable fiber laser
emitted up to 6.7 W of output power in a tuning range from 1533
to 1600 nm, in a high-brightness, narrow linewidth, temporally
stable beam with a single-polarization, though with a varying
polarization angle.
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