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Abstract: We report on a splice-free erbium-doped all-fiber laser emitting over 20 W at a
wavelength of 1610 nm, with a slope efficiency of 19.6 % and an overall efficiency of 18.3% with
respect to the launched pump power at 976 nm. The simple cavity design takes advantage of fiber
Bragg gratings written directly in the gain fiber through the polymer coating and clad-pumping
from a single commercial pump diode to largely simplify the assembling process, making this
cavity ideal for large-scale commercial deployment. Two single-mode and singly erbium-doped
silica fibers were fabricated in-house: the first to assess the effects of a high erbium concentration
(0.36 mol.% Er2O3), yielding a low efficiency of 2.5 % with respect to launched pump power,
and the second to achieve the improved result mentioned above (0.03 mol.% Er2O3). Numerical
simulations show the link between the performance of each cavity and ion pair-induced quenching.
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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1. Introduction

High power laser sources operating in the 1.5 to 1.7 µm spectral region are of interest for
many applications, such as light detection and ranging (LIDAR) [1], spectroscopy and optical
wireless communication systems [2], a demand further fostered by the "eye-safe" quality of
this spectral band [3]. In turn, single-mode all-fiber laser cavities offer undeniable benefits for
out-of-lab deployment, notably robustness, reliability, compact design and excellent beam quality.
However, the large-scale implementation of high performance fiber lasers is hampered by the
substantial growth of costs and increased fabrication times tied to power-scaling. As such, it is of
large commercial appeal to simplify the fabrication process of such lasers while maximizing
performance.
The 1.5 to 1.7 µm spectral band has been the subject of extensive work in the past due to

its concordance with the high-transmission window of silica-glass fibers. To date, Lin et al
have demonstrated the highest power emitted by a fiber laser in this wavelength range, reaching
656W [4] with an erbium-doped ytterbium-free fiber laser. However, their design was not all-fiber
and employed a multimode fiber (V=23), resulting in a poor beam quality (M2 ≈10.5). Jeong
et al. have also made a high power demonstration from a fiber laser in this wavelength range,
with nearly 300 W of emission at 1567 nm from an erbium-ytterbium co-doped fiber laser [5],
but the reliance on free-space elements and an ytterbium co-lasing mechanism complexifies
their design and reduces its efficiency at high power. Similar results were obtained by Jebali et
al [6], who reached 264 W of output power at 1585 nm with a 74% efficiency using the in-band
pumping at 1535 nm of an Er-Yb codoped fiber, but employed a complex pumping scheme
involving 36 combined 14 W lasers to achieve this performance. Given the 1 µm light emitted
as a consequence of including ytterbium in the lasing scheme, which can be hazardous to both
the human eye and optical devices [7], it is of interest for a number of applications to develop
sources without this co-dopant. With the use of an ytterbium-free erbium fiber laser, Supradeepa
et al. have reached 100 W of average power at 1554 nm with an efficiency of 71% with respect to
the absorbed 1480-nm pump [8]. However, this in-band pumping scheme required a complex
and costly Raman fiber laser, resulting in a poor overall electrical-to-optical efficiency. A simple
all-fiber amplifier was presented by Kotov et al. using multi-mode clad-pumping of a singly
Er-doped fiber to amplify a 1585 nm signal to 103 W [9], but its amplifier-based design forced
the use of a 4 W seed laser to get the desired output, resulting in a limited pump absorption, thus
limited overall efficiency and scalability. Using their optimized fiber design, the same group
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has reported a 75 W all-fiber laser emitting at 1603 nm at a slope efficiency near 40% using a
fiber Bragg grating (FBG) [10]. Although such results highlight that singly-doped erbium fiber
lasers can operate at both high power and efficiency, the laser design was not splice-less and its
assembling process could still be further simplified. A known method of further simplifying
fiber lasers is to use FBGs written directly in the gain fiber. Wikszak et al. have made one such
demonstration, showing a very simple design using a FBG written with 800 nm femtosecond
pulses in a nonphotosensitive Er-doped fiber [11]. However, they still used some free-space
components and have only demonstrated a low power emission of 38 mW at 1554.5 nm.

In this article, we demonstrate a very simple erbium fiber laser design, monolithically assembled
using a commercial multi-mode pump diode emitting at 976 nm and fiber Bragg gratings written
directly in the gain fiber through the polymer coating. In sequence, two cladding-pumped laser
cavities emitting at 1610 nm were created based on this design: the first with a high erbium
concentration, and the second with a doping level reduced to improve laser efficiency.
This paper will first describe the design and characteristics of the erbium-doped fibers, then

the assembly and testing of the laser cavities.

2. Fiber fabrication and properties

In order to maximize optical efficiency, a high erbium concentration in the fiber is desired to
increase the pump absorption. However, high erbium concentrations lead to the formation of
detrimental erbium ion clusters which reduce the lifetime of the upper energy level and hinder
laser emission [12]. As such, common practice is to employ aluminum as a co-dopant to improve
erbium solubility and limit clustering. For the present experiment, two silica glass preforms were
created using the MCVD technique and doped with the solution doping process, each containing
a different concentration of Er2O3 and Al2O3 in the core (see Table 1). The first preform is highly
doped to test the effects of a high erbium concentration, while the erbium concentration of the
second preform is selected based on previous work by Kotov et al. [9] to improve laser efficiency.
To ensure compatibility with commercially available high-power pump diodes, a cladding

diameter of 125 to 130 µm was targeted for the fibers. Core/clad aspect ratio in each preform
was maximized to improve pump absorption [13], while maintaining a core size small enough
to ensure single-mode operation in the 1.5 to 1.7 µm wavelength range (given the resulting NA
of each fiber core). Both preforms were polished on two sides into a "double D" shape to favor
pump absorption by inhibiting the propagation of poorly interactive circular modes. The preforms
were then drawn into fibers and coated with a low-index fluoroacrylate polymer using in-house
facilities at COPL.
Table 1 summarizes the fiber parameters, and Fig. 1 shows a picture of the cross-section of

each fiber. Cutoff values were measured using the bend reference technique, attenuation (α)
measurements were obtained via cutback, and the numerical aperture is calculated from the
cutoff and core size values. The proportion of paired erbium ions is obtained from corresponding
simulations and explained in section 3. As can be seen in the table, a higher erbium concentration
largely increases the pump absorption and raises the core’s refractive index, thus forcing a
reduction in core size to maintain a cutoff wavelength below 1500 nm.

3. Laser assembly and characterization

A schematic of the monolithic laser cavity design used in this work is presented in Fig. 2. As the
system relies on clad-pumping, the junction with the diode pigtail is a standard multi-mode splice
that can be easily accomplished with an arc splicer (Fujikura, model FSM-100P). Fiber Bragg
gratings (FBG) serve as reflectors at the signal wavelength and are written in the gain fiber directly
through the polymer coating using an 800 nm femtosecond laser and the phase-mask technique,
as described in [14]. The gain fiber is spooled around a metal cylinder for passive cooling. A 4o

angled cleave at the fiber output reduces undesirable feedback from Fresnel reflections. Overall,
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Table 1. Parameters of the two fibers fabricated for this experiment

Parameter Fiber 1 Fiber 2

Core diameter [µm] 12 16
Cladding diameter [µm] 125 129
Cutoff wavelength [nm] 1452 1480
Numerical aperture 0.09 0.07

Er2O3 concentration [mol.%] 0.36 0.03
Al2O3 concentration [mol.%] 0.55 1.2
αclad @976 nm [dB/km] 1100 43.5
αcore @1200 nm [dB/km] 23.5 23.1

Estimated % of paired ions (2k) 40 9.3

Fig. 1. Optical microscope pictures of the cross-section of fiber 1 (left) and fiber 2 (right).

Fig. 2. Laser cavity design used for this work. HR and LR respectively designate a highly-
reflective or lowly-reflective fiber Bragg grating. The entrance fiber (blue) is the pigtail of
the pump diode.

the simplicity of the design and the absence of free-space components make this laser cavity
very quick to assemble and suitable for large volume production. Note that while a high index
polymer could be applied to the end section of the fiber (stripped of coating) to remove leftover
in-clad pump power from the output, a dichroic filter is used instead for output separation so as to
allow individual measurements of both the residual pump and the 1610 nm signal for this study.

Two laser cavities were assembled using this design, one for each of the studied fibers. In both
cases, an HR-FBG (highly reflective FBG at the cavity entrance) having a reflectivity above 99%
is targeted to maximize laser efficiency. The laser output wavelength of 1610 nm was selected
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to obtain maximum gain after analyzing the amplified spontaneous emission spectra at long
cavity lengths, which showed in both fibers a natural tendency to amplify this wavelength range.
To direct the choice of the LR-FBG (low reflectivity FBG at the cavity output) reflectivity and
cavity length for both fibers, the effect of each of these parameters was tested experimentally
by constructing cavities of different lengths, testing their optical efficiency, then using thermal
annealing to lower the LR-FBG reflectivity without affecting the pump injection. So as to ensure
experimental consistency and safe testing at short cavity lengths, this parametric study was
performed at a relatively low pump power (<30 W). As an example of this process, Fig. 3 shows
some of the optical efficiencies obtained in this manner using various parameter values and fiber
2. To get a better understanding of the cavity dynamics, a numerical simulation model based on
the formalism proposed by Nilsson et al. [15] is developed concurrently with the experimental
study to estimate the pair-induced quenching (PIQ) in both fibers. An outline of this model is
available in Appendix A.

Figure 3 suggests that the highest efficiency is obtained by using minimal LR-FBG reflectivity
(~1%) and, in the case of fiber 2, a fiber length near 60 m. Both of these results can be attributed
in major part to the formation of erbium ion pairings, which leads to non-saturable absorption and
the non-radiative de-excitation of the 4I13/2 erbium energy level involved in the laser transition [16].
As such, a longer cavity length re-absorbs the signal being generated and turns part of it into
heat, while a short cavity fails to absorb enough pump to maximize the signal output. It should
be noted that at low pump power (i.e. low temperature), the wavelength-stabilized diode used
to pump fiber 2 is known to emit some power off-peak (around 965 nm), thus reducing overall
pump absorption. This causes the parametric study to underestimate the efficiency of the final
cavity, and is accounted for in simulations by adjusting the pump absorption cross-section to an
effective value that matches the observed data, as shown on Fig.3.
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Fig. 3. Slope efficiency with respect to launched pump power obtained with different laser
cavity configurations using fiber 2. Both simulated and experimental results (non-exhaustive)
are presented, for varying values of cavity length and LR-FBG reflectivity. These tests were
carried out at pump powers under 30 W.

The first cavity is built using fiber 1. The cavity length is 3.1 m from the HR-FBG to the
LR-FBG, with a few extra centimeters on both ends for splicing and cleaving. HR-FBG and
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LR-FBG reflectivity are 99% and 4%, respectively. The laser was pumped by a BWTK980DA5RN
diode emitting at 976 nm. In this first cavity, precise pump wavelength control was not necessary
considering the fiber’s large pump absorption of 1.1 dB/m and the purpose of this test. Figure 4
shows the signal and residual pump power at the output of this laser as a function of launched
pump power. Despite the optimization of the fiber length and LR-FBG reflectivity, the laser
efficiency with respect to the absorbed pump power is only about 7% . Moreover, only one third
of the launched pump power is absorbed. This is due to the re-absorption phenomenon described
above, exacerbated by the high erbium concentration, which makes for a very short optimal
cavity length. Using our computational model, the proportion of paired ions in this fiber (2k) was
estimated to be around 40 %, which is indeed much too large for efficient laser operation.
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Fig. 4. Output power at the signal (1610 nm, left) and pump (967 nm, right) wavelengths as
a function of launched pump power for the laser cavity built with fiber 1. Slope efficiency
with respect to both absorbed and launched pump power is identified. The results obtained
from simulations (red dotted line) agree well with the experimental results.

The second cavity, made with fiber 2, is pumped with a wavelength-stabilized diode (nLight
Element e18) delivering over 120 W of power at 976 nm through a 105/125 µm (core/clad)
multimode fiber, allowing consistent targeting of the absorption band at high powers. Based on
the experimental study presented in Fig. 3, the cavity has a length of 62 m and the HR-FBG and
LR-FBG have a reflectivity of 99.6 % and 1 % respectively at the signal wavelength. Figure 5
(left) displays the full reflection spectrum of each FBG, as measured using a broadband ASE
source, an optical circulator and an Optical Spectrum Analyzer (OSA). The laser spectrum at
different output powers is also presented in Fig. 5 (right). Next, the output power at the signal and
pump wavelengths as a function of launched pump power are measured and displayed on Fig.
6. For this measurement, data points are taken starting from the highest power to ensure even
temperature of the system from one point to the next and optimal diode behavior. Lastly, beam
quality (M2) is quantified using an automated optical bench test (Photon Inc. Nanoscan), yielding
M2<1.1 on orthogonal axes as shown on Fig. 7.
The use of fiber 2 results in a longer cavity with significantly improved laser performances.

At maximum output, the signal’s spectral width is very narrow (FWHM = 0.07 nm), a typical
result for FBG-based fiber lasers. A shift of the emission wavelength on the order of ~0.5 nm
is noticeable as the power increases to maximum, a consequence of the LR-FBG experiencing
thermal expansion. The beam quality is excellent, very close to the diffraction limit, which further
confirms the single-mode operation of the laser. At nearly 20 % slope efficiency and 18.3% overall
efficiency with respect to launched pump power, and a 21.7 W maximum signal output, this is, to
the best of our knowledge, the most powerful splice-less FBG-based all-fiber laser demonstrated
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Fig. 5. Left: Spectral reflectivity of the FBGs written in the optimized cavity (fiber 2).
Right: Spectrum of the laser signal emitted by this cavity for different output powers.
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Fig. 6. Power characterization and simulation for the cavity built with fiber 2. Points at low
power were taken after heating the diode at high powers beforehand.

at this wavelength. Moreover, the measurements show no sign of gain saturation, implying that
combining additional diodes would increase the signal output, though it would also add steps and
pieces to the assembling process and likely require improved heat management. Nevertheless, the
residual pump measurement shows that nearly a third of the launched pump power is present at
the output: efficiency could be significantly increased by improving pump absorption. However,
as previously discussed, a longer cavity length actually decreases overall efficiency because of
signal re-absorption. This is emphasized on Fig. 8, which shows that the numerical simulation
estimates a slightly negative gain near the end of the 62 m cavity. Thus, a more promising way to
improve pump absorption would be to enlarge the fiber core size, as proposed and experimentally
demonstrated by Kotov et al. [9,10,13]. However, such a modification would also require lowering
the core NA (e.g. with fluorine doping) in order to maintain single-mode operation. By using
such an optimized fiber design, a two-fold increase of the laser efficiency compared with current
results is expected. On the other hand, computations suggest that still about 9.3 % of erbium ions
are paired in this fiber, indicating that a reduction of the erbium concentration or an increase in
the concentration of other dopants (Al or added F) could still have a positive impact on efficiency.
Once again, this would come with an adjustment of the core refractive index. Finally, considering
the amount of leftover pump, amplifying the current laser using another segment of doped fiber
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Fig. 7. Beam quality measurement on orthogonal axes. The figure shows beam width
at different positions along the optical axis of the measurement bench. The function
w =

√
a + bz + cz2, where w is width and z is position, is fitted to determine the M2.

could be investigated in the future, though such an addition would complexify the design.
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Fig. 8. Simulated distribution of laser gain in the final cavity made with fiber 2. The fiber is
pumped from the left side.

As closing remarks, it is worth discussing some of the technicalities surrounding the use
of FBGs. Firstly, as previously observed, the peak wavelength of reflection (and, as such, the
wavelength of the laser signal) changes with respect to output power through temperature increase.
As, in this case, the LR-FBG was simply taped to an aluminum plate for heat dissipation, the
wavelength shift could be further mitigated by better managing the heat generated by the laser
operation, either by fixing the LR-FBG with a thermal conductor or by reducing its losses.
Secondly, FBGs are known to deteriorate with respect to time, slowly reducing in reflectivity [17]
and leading to a small variation in laser efficiency. This process can be mitigated by thermally
annealing the FBG, heating it up to wipe out the less stable part of its index change. In this
case, the FBGs were annealed at a low temperature of 150oC for 10 minutes after writing. This
deliberately low temperature was maintained in order to avoid damaging the polymer coating
of the fiber. Previous work has shown that annealing FBGs written with femtosecond pulses at
high temperatures (up to 500 oC) could nearly nullify their losses [18]. Unfortunately, this level
of annealing is not attainable without degrading the polymer coating properties and comes as a
trade-off for the simplicity of writing FBGs without removing the polymer coating of the fiber. It
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is worth noting, finally, that despite all the observations raised above, the laser shows very good
stability during use once thermal equilibrium has been reached. This is shown on Fig. 9, which
displays the signal power registered from the laser near 20 W during a continuous period of 24
hours.
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Fig. 9. Stability of the laser signal during 24 hours around 20 W. The inset zooms in on the
laser during warm-up.

4. Conclusion

In conclusion, we have designed an effective erbium-doped monolithic fiber laser with a simple
assembling process that takes advantage of FBGs written directly in the gain fiber through
the polymer coating and clad-pumping from a single commercial pump diode, making steps
towards high-volume commercial deployment. The resulting cavity emits a stable, high-quality
beam (M2<1.1 ) with over 20 W of power in a narrow spectrum centered at a wavelength of
1610 nm, with a slope efficiency of 19.6% with respect to launched pump power. Furthermore,
the detrimental effects of pair-induced quenching were demonstrated using a fiber doped with a
significantly higher (12x) amount of erbium ions. A numerical model estimated a proportion of
paired ions over four times greater in the highly concentrated fiber as opposed to the less doped
fiber. Further work will improve the laser efficiency by increasing the pump absorption through
an increase of the core size or a modification of dopant concentrations, and focus on developing
automation procedures for the large-scale production of similar laser cavities.
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Appendix A: numerical modeling

Fig. 10. Energy diagram of the Er3+:SiO2 system, with transitions. Left are the lifetimes in
Al/P silica glass [19] while right are the energy level labels. GSA and ESA are related to the
976 nm pump, S is the laser signal at 1.55 µm, MP is rapid multi-phonon decay and ET is
energy transfer. Ni are the energy levels used in the theoretical modeling.

With the intent of improving our understanding of the laser cavity, a computational model was
elaborated to simulate an erbium-doped fiber laser. For this purpose, the energy diagram shown
in Fig. 10 represents the energy level dynamics. As the upper levels of this diagram relax very
quickly compared to the N2 level (used for lasing), the diagram can be simplified to a system of
four levels dynamically described by the following system of equations:

dN4
dt
= −N4
τ4
+ RESA (1)

dN3
dt
= −N3
τ3
+

N4
τ4
+ RP − RESA +W22N2

2 (2)

dN2
dt
= −N2
τ2
+

N3
τ3
−W21 − 2W22N2

2 (3)

Ntot = N1 + N2 + N3 + N4 (4)

where Ni and τi represent the population and lifetime of a given energy level i, W22 is the
coefficient of the two-photon energy transfer (ET), and the remaining variables are given by

RP =
σPΓPλP

hcAc
(N1 − N3) PP (5)

RESA =
σESA,absΓPλP

hcAc
N3PP (6)

W21 =
ΓSλS
hcAc

(
σs,emN2 − σs,absN1

)
PS (7)

where Ac is the effective core area, h is Planck’s constants, and σ denotes the absorption (abs)
or emission (em) cross-section of the signal (S), pump (P) or ESA transition. With the same
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subscripts, Γ is the confinement factor, P is laser power and λ is the wavelength.

Next, the model is modified to account for pair-induced quenching of the erbium ions, which
is detrimental to the laser efficiency. This is implemented using the method developed by Nilsson
et al. [15], such that in steady-state the total number of ions Ntot is divided in singular and paired
populations (NS

tot and NP
tot ) according to a proportion k.

2k =
NP
tot

Ntot
(8)

NS
tot = Ntot − NP

tot (9)

Moreover, the paired population of the second erbium energy level (NP
2 ) can be related to other

quantities via the following equations [15], where the superscripts S and P denote quantities
related to singular and paired ions.

dNP
2

dt
= −

NP
2
τ2
+

RP

NS
1 − NS

3
NP

1 −
[

RS

NS
2
+

RP

NS
1 − NS

3

]
NP

2 (10)

NP
tot = NP

1 + NP
2 (11)

Lastly, the simulation is carried out by calculating the propagation of signal and pump power
along the fiber:

±
dP±P
dz
= −

[
ΓP

(
σP(NS

1 + NP
1 ) + σESANS

3

)
+ αP

]
P±P (12)

±
dP±S
dz
=

[
ΓS

(
σs,ems(NS

2 + NP
2 ) − σs,abs(N

S
1 + NP

1 )
)
− α

]
P±S (13)

where superscripts + and - denote forward and backward propagation. The whole system of
equations is numerically solved by dividing the fiber length and the passage of time in finite
elements, and imposing boundary conditions on each end of the cavity that are defined by the
input pump and the reflectivity of the FBGs.
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