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We report on an ytterbium-free, erbium-doped single-mode
all-fiber laser reaching a record output power of 107 W at
1598 nm, with a slope efficiency of 38.6% according to
the absorbed pump power at 981 nm. The erbium-doped
gain fiber, co-doped with cerium, aluminum, and phos-
phorus, was fabricated in-house with adjusted doping
concentrations to reduce erbium ions clustering, thereby
increasing efficiency while keeping the numerical aperture
low to ensure a single-mode laser operation. The addition
of cerium co-dopant in the core glass of an erbium system is
used for the first time, to the best of our knowledge, in order
to adjust the fiber’s numerical aperture without increasing
the erbium concentration. Numerical modeling, validated
by the experimental results, demonstrates that adding alu-
minum and phosphorus at high concentration mitigates
erbium ions clustering, with an estimated erbium paired
ions of only 5.0% in the reported gain fiber. © 2021 Optical
Society of America

https://doi.org/10.1364/0L.427291

Erbium-doped fiber lasers and amplifiers have been studied
and used extensively, especially around the 1.5 to 1.7 um emis-
sion range. Since this region of the electromagnetic spectrum
corresponds to the lowest losses in silica fibers as well as being
“eye-safe” [1], they are of particular interest in telecommuni-
cations [2] and a number of other applications such as light
detection and ranging (LIDAR) [3], gas monitoring [4], and
laser pumping [5]. Moreover, single-mode all-fiber lasers oper-
ating at high power are also of great interest for material’s laser
processing given their robustness, reliability, compact design,
and excellent beam quality.

One area of research in erbium-doped fiber development has
been on increasing the pump absorption to improve the laser
efficiency according to the launched pump power and reduce
the cavity’s length. Such an approach involved adding ytterbium
as a co-dopant. Jeong ez a/. demonstrated an erbium-ytterbium
co-doped fiber laser operating at 1565 nm, reaching 297 W

0146-9592/21/102553-04 Journal © 2021 Optical Society of America

of laser power with respect to the 975 nm pump power [6].
However, the M? value of 3.9 shows a multimode operation,
and the parasitic ytterbium lasing limited its efficiency at 19%
for high pump powers. Very recent results published by Yu ez 4/.
[7] demonstrated the same behavior of laser efficiency satura-
tion at high power from an Er-Yb co-doped fiber laser pumped
near 1 micron, therefore limiting the power scalability of such
approach. Jebali ez l. also presented a high power laser using an
Er-Yb co-doped fiber, making use of the in-band pumping at
1535 nm [8]. They were able to achieve up to 264 W of output
power with 74% laser efficiency, although they utilized a com-
plex pumping scheme necessitating 36 combined 14 W fiber
lasers. Nevertheless, ytterbium has the effect of increasing the
refractive index of the core, meaning that its diameter needs to
be decreased to stay in a single-mode regime. Additionally, the
1 pm parasitic emission of this co-dopant is also hazardous to
the human eye and optical devices, which makes it beneficial to
avoiditsuse [1].

Because of these drawbacks, the development of high-power
sources without the use of ytterbium as a co-dopant remains
of great interest. To date, the highest power achieved for an
erbium fiber laser was reported in 2018 by Lin ez al. [9]. They
demonstrated up to 656 W of laser power at 1601 nm using an
Yb-free fiber laser cavity with a 35.6% efficiency. However, the
setup used free-space elements, and the laser was strongly mul-
timode and, therefore, had a poor beam quality (M? = 10.5).
Kotov et al. also reported a 75 W erbium-doped fiber laser free of
ytterbium [10] and a 100 W erbium fiber amplifier [11]. In both
cases, they used a square-shaped fiber co-doped with fluorine
with a slightly multimode large core requiring induced bending
losses to ensure a single-mode operation.

One of the common trade-offs in erbium-doped fiber lasers
is the compromise between pump absorption and the occur-
rence of clustering when the concentration of the erbium ions
is increased. One way of reducing the erbium clustering at
high concentration is adding co-dopants such as aluminum
and phosphorus [12]. In equimolar concentrations, these ions
combine into AIPOy structures, which reduces the occurrence
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of clustering and, therefore, increases the conversion of the
pump power into the laser signal. The great advantage of this
co-doping approach is that AIPOy structures have a very similar
refractive index compared to silica, which implies that a large
amount of co-dopants can be added to the glass matrix without
significantly increasing the fiber’s numerical aperture [13].
The first demonstration of a co-doped Er-AlPOy laser free of
ytterbium was presented by Kotov ez al. [14]. They achieved
up to 7.5 W of output power, yielding an efficiency of 40%
with respect to the 976 nm launched pump power. Although
this demonstration highlights a very efficient all-fiber laser
configuration, the squared fiber design with an 80 um diameter
is not practical for pumping with conventional diodes pigtailed
with 125 microns fibers. Last year, we demonstrated an all-fiber
erbium laser co-doped with aluminophosphosilicate (APS)
[13]. This laser reached 25 W of output power and was built
with a standard step-index fiber having a standard cladding
diameter of 125 pum.

Other co-dopants have also been investigated to increase
laser efficiency by reducing undesired effects that are preventing
the conversion of pump power into laser signal. For example,
rare-earth-doped fibers can be co-doped with cerium to mitigate
photodarkening losses that reduces the laser efficiency for long
term operation at high power, especially in ytterbium-doped
fiber lasers where the problem is most prevalent [15,16]. It was
recently shown that 1.55 micron Er-Yb fiber lasers operating
at high power can also suffer from photodarkening losses at
high power [17]. Cerium also has the effect of increasing the
refractive index of the glass matrix.

In this paper, we report an ytterbium-free erbium APS fiber
laser co-doped with cerium. The performances of this fiber
core composition are demonstrated through the implemen-
tation of an all-fiber single-mode laser operating at 1598 nm
using a standard fiber geometry and a pair of intracore fiber
Bragg gratings (FBGs) written into a mode-matching passive
fiber. The laser cavity reached 107 W of output power with
a single-mode beam quality (M? < 1.12) when pumped by
seven combined laser diodes at 981 nm. The fiber laser yields
an efficiency of 38.6% and 31.2% according to the absorbed
and launched pump powers, respectively. To the best of our
knowledge, this is the highest output power achieved from a
single-mode Er-doped fiber laser free of ytterbium. It is also the
first Er-silica fiber laser co-doped with cerium as far as we know.
The numerical modeling confirms that adding aluminum and
phosphorus at high concentration mitigates ions clustering with
an estimated erbium paired ions of only 5.0% in our gain fiber.

The preform for the gain fiber was made in-house using
the modified chemical vapor deposition (MCVD) technique
and solution doping. After collapsing, it was etched in a flu-
oridric acid bath to achieve the desired cladding to core ratio
that optimizes pump absorption while ensuring single-mode
operation. The preform was polished from the side in a dou-
ble D geometry to prevent the pump propagation of circular
modes in the cladding having a poor overlap with the core, thus
further improving the pump absorption. Finally, the preform
was drawn in a fiber tower at COPL facilities (Laval University)
during which a dual polymer coating was applied to the fiber,
a first coating of low-index fluoroacrylate with a thickness of
23 microns followed by a second coating of acrylate with a
thickness of 37 microns, to achieve a final protected fiber with
a standard 250 microns external diameter. The refractive index
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profile around the fiber core measured with a preform analyzer
(Photon Kinetics, model 2610) is shown in Fig. 1 along with the
endface of the drawn fiber including its dual polymer.

The parameters of the fiber are compared with our previous
work in Table 1. The core glass composition was measured on
the preform using an electron microprobe (Cameca SX-100).

The core size of 17.3 microns was chosen to maximize the
pump absorption and to ensure a single-mode operation at
1598 nm. Given that AIPO4 formation leads to a near-zero
index change compared to silica and given that erbium ions
cannot solely be added to the fiber core to adjust the numerical
aperture in order to limit ions clustering, cerium ions were
added to the core glass matrix to adjust the fiber’s numerical
aperture to the targeted value of 0.06. The corresponding
single-mode cutoff wavelength of 1409 nm was measured,
ensuring a good confinement of the fundamental mode at the
laser wavelength of 1598 nm (V = 2.1).

A schematic of the Er-Ce co-doped all-fiber laser is depicted
in Fig. 2. Seven 90 W laser diodes stabilized at 981 nm
(K981ANIRN-90.00W and K981AG1RN-90.00W from
BWT) are combined through a 7 x 1 high power pump com-
biner with 105/125 pum input fibers and a 125 pm coreless
output fiber (PC623188, Lightel). Such pump combiner was
limited to 60 W per input fiber, thus limiting the maximum
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Fig. 1. (a) Change in refractive index in the preform and (b) the

endface of the fiber.

Table 1. Properties of the Fiber in This Work
Compared to Our Previous Work
Parameters Lord et al. [13] This Work
Core diameter (ptm) 17 17.3
Cladding diameter (ftm) 120 x 131 121 x 130
Numerical aperture 0.06 0.06
Cutoff wavelength (nm) 1369 1409
Ef203 (mol.%) 0.06 0.055
Ce; 03 (mol.%) - 0.157
P,O5 (mol.%) 1.04 3.57
Estimated paired ions (2k) [%] 6.3 5.0
90W diodes

@981nm Pump filter

R=98.8% @980nm

T=89.5% @1598nm
\Pump combiner

N
Undoped Erbium-doped Undopﬁd Power
silica fiber ~silica fiber silica fiber Detectors

Fig. 2. Schematic of the all-fiber Er>*-Ce*"-APS laser emitting at

1598 nm.
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input pump power to 420 W. Given the combiner’s pump trans-
mission of 94%, and to keep a safe value of input pump power,
the maximum launched pump power (after the combiner) was
limited to 387 W. The cavity is made of a 25-m-long Er-Ce
co-doped APS fiber and is bounded by a pair of FBGs inscribed
in passive fibers to reduce the thermal load. The passive fiber
was also fabricated in-house with the same core composition
as for the erbium-doped fiber except that erbium was replaced
by cerium to obtain the same guiding properties. The FBGs
were written at 800 nm through the polymer coating using the
femtosecond phase mask writing technique [18]. The FBGs
were thermally annealed to reduce their losses and to stabilize
their properties for long-term operation. The splices between
the active and passive fibers were monitored to minimize their
transmission losses. The output fiber’s end is also cleaved at an
angle of 6° to prevent parasitic feedback. A dichroic filter, which
is highly reflective at 981 nm, separates the residual pump power
from the 1598 nm signal output to allow the simultaneous
measurement of both of them. After testing the cavity at high
power, a cladding mode stripper was applied to the delivery fiber
to confirm that more than 96% of the laser signal was guided in
the fiber’s core The laser characterizations shown in Fig. 4 were
corrected according to this value.

The transmission spectra of both FBGs as well as the laser
output spectrum at two different output powers are shown
in Fig. 3. The high reflectivity (HR) and low reflectivity (LR)
FBGs reflect, respectively, 99.8% and 0.83% of the signal at
1598 nm. A broadband measurement of the laser output at high
dynamic range was performed from 1510 nm to 1610 nm, and
we observed no significant amplified spontaneous emission
(ASE). We calculated that more than 99.99% of the output
power is in the main laser peak at 1598 nm.

The laser output power according to both the launched
and absorbed pump power at 981 nm are presented in Fig. 4
where these experimental results are compared to the numerical
modeling detailed hereafter.

The slope efficiency according to the absorbed pump power
is 38.6%, and the overall efficiency according to the launched
pump power is 31.2%. The lower overall efficiency is mainly
due to the large amount of residual pump power, up to 87 W
at maximum laser power. The maximum laser output power
obtained is 107 W, which is the highest power achieved to date
for this laser configuration. Even though Kotov ¢z al. presented a
higher overall slope efficiency of 409% [14], the laser architecture
of this work is easier to manufacture due to its robustness and
its simple fiber geometry, making it more attractive for indus-
trial laser applications. The efficiency according to launched

o

—10

—20 "W‘"
1598 1599

—30

FBGs transmission [dB]

—40 | ;
1594 1596 1598 1600 1602
Wavelength [nm]

Fig.3. Outputspectrum of the laser superimposed on the transmis-
sion spectra of both FBGs written in the passive fibers.
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pump power could also be improved by using an inner cladding
Bragg grating (ICBG) [19] to recycle the residual pump power
[20]. Moreover, results show no saturation of the laser signal
at high power, suggesting that a higher output power could be
achieved. For example, the use of a pump combiner with better
specs in terms of maximum pump power per input fiber could
increase the pump to 630 W, instead of 420 W, which would
have resulted to approximately 160 W of laser power with the
same setup.

In order to confirm the single-mode operation of the laser,
the beam quality was characterized at an output power of 1.2 W
with a M? measurement setup (Nanoscan Pyro/9/5, Ophir
Photonics), the results are shown in Fig. 5. This output power
was chosen to avoid strong parasitic reflection in the cavity
caused by the instrument, as well as to not damage the equip-
ment. We measured a M? for orthogonal axes of 1.09 and 1.12
respectively, which is approaching the minimum theoretical
limit forasingle-mode fiber (M? &~ 1.03) [21].

A numerical model was developed in house in order to esti-
mate the amount of paired ions in the fiber. This numerical
model is the same as presented in [13], based on [22], and modi-
fied according to [23]. Multiple laser experiments using various
fiber lengths as well as a thorough spectroscopic analysis of the
core glass were performed to confirm the model’s validity. These
simulations matching the experimental results are then used
to estimate the pump losses through upconversion. With this
model, we estimated that the amount of paired ions was 5%.
Such occurrence of paired ions in the core glass matrix is lower
than that of our previous study (6.3% in [13]) having about 2-3
times lower concentration of aluminum and phosphorus. This
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Fig.5. Beam divergence in both (a) the x axis and (b) the y axis.
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numerical model was used to estimate the optimal length for the
cavity as well as the optimal reflectivity of the output coupler.
The optimization results are shown in Fig. 6. An optimal cavity
length that achieve the maximum output power is around 27 m,
and the reflectivity of the output FBG should be as low as pos-
sible. Even though we would expect it to be superimposed onto
the R = 0.8% curve, the point representing our result is above
this curve because the simulations tend to underestimate the
output power at high pump powers. This 3% discrepancy could
be explained by the spectral broadening in the laser cavity at high
power (see Fig. 3), which further reduces the output coupler
effective reflectivity, therefore optimizing the laser efficiency.
This could explain the slightly increased laser efficiency at high
power (see Fig. 4), as the spectral broadening occurring at high
intensity become significant.

In conclusion, we demonstrate an Er-Ce co-doped all-fiber
laser with a large concentration of Al O3 and P, Os in the core
glass that generates 107 W of output power at 1598 nm. The
slope efficiency is 31.2% and 38.6% according to the launched
and absorbed pump powers, respectively. The laser beam quality
is excellent (M? < 1.12), confirming a single-mode laser oper-
ation. Numerical modeling showed that the incorporation of
aluminum and phosphorus ions at high concentration causes
a reduction of paired ions, thus improving significantly the
laser performances. Overall, this all-fiber design generated the
highest output power in its category, while also being easier to
manufacture.
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