
Chapter 8
High Power Continuous-Wave Er-doped
Fiber Lasers

Leonid V. Kotov and Mikhail E. Likhachev

Abstract Recent years, high power fiber lasers at the spectral region near 1550 nm
attract a lot of attention as promising sources for numerous civil and military appli-
cations. There are four main type of lasers allowing to generate high power radiation
at this spectral range: Er/Yb-co doped fiber lasers, Yb-free Er-doped fiber lasers
cladding-pumped at 980 nm, Er-doped fiber lasers core-pumped by Raman lasers at
1480 nm, and Er-doped fiber laser in-band pumped at 1532 nm. In this chapter we
review current states, limiting factors and future perspectives of all these approaches.

8.1 Introduction

An emission band of erbium ions near 1.5 µm which coincides with the silica fibers
minimum loss spectral rangemade Er-doped fibers (EDFs) indispensable for the tele-
com industry. These fibers were actively studied during 1990s in order to develop
efficient high-gain optical amplifiers. The output power of such amplifiers required
by telecom applications does not exceed 1W. At the same time, there is large variety
of applicationswith a great demand of the high power (1W–1 kW) laser sources oper-
ating at 1.5 µmwavelength. There are three main reasons for that. First, this spectral
range falls into the transparency window of the atmosphere, so a laser beam can be
transmitted over a long distance with low loss. Second, a radiation at wavelengths
longer than ~1400 nm is not focused by an eye lens on a retina. For this reason,
1.5 µm lasers are concerned to be so-called “eye-safe” type of light sources. Thus,
for many applications high power Er-doped fiber lasers are much more preferable
than e.g. Yb-doped counterparts operating near 1 µm due to safety reasons. Third,
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the active development of the optical communication industry at 1.55 µm during
last decades resulted in the large amount of available high-quality low-cost optical
components (isolators, wavelength division multiplexers (WDMs), circulators, cou-
plers etc) operating at this wavelength range. This frequently makes the Er-doped
fiber lasers (EDFLs) more attractive than Yb- and especially Tm-fiber sources from
the commercial point of view. Therefore, high-power EDFLs are quite interesting
for such applications as light detection and ranging, power beaming, illumination,
free-space optical communications, remote sensing and bio-medical applications.

Despite the great demand of the high-power Er-doped fiber lasers for civil and
military applications, demonstrated output power of such lasers are lower than that
from any other commonly used rare-Earth-doped silica-based fiber laser. Thus, to
date, 10 kW [1], 1 kW [2], and 400W [3] power levels were demonstrated from Yb-,
Tm- andHo-doped fiber lasers respectively. At the same time, the highest power from
a fiber laser at 1.55 µm is only 300 W [4]. The reasons for that are low Er3+ ions
absorption and emission cross-sections and concentration effects caused by erbium
ions clustering.

In this chapter we consider the main factors limiting manufacturing of the high
power fiber lasers near 1.55 µm, present state of the art solutions, and discuss
prospects of the power scaling of such systems.

8.2 Properties of Erbium Ions in Silica Glass

8.2.1 Spectroscopic Properties

There are several absorption bands of the Er-doped silica glass in the visible and
near IR spectral ranges. Figure 8.1 demonstrates energy diagram of erbium ions in
silica glass [5]. Transitions between the ground state 4I15/2 and higher-lying energy
levels might be observed by absorption measurements. Figure 8.2 represents typical
absorption spectrum of the Er-doped silica fiber measured by a cut-back technique
[5].

The energy level 4I13/2 has a rather long lifetime of ~10 ms (it slightly varies with
the glass composition). Electron transition from this level to 4I15/2 provides lasing
in ~1530–1610 nm spectral range. Due to a large energy gap between 4I13/2 and
the ground state a population of this level is almost equal to zero when not pumped.
Population inversion might be achieved by an optical pumping into any upper energy
levels (then ions quickly, mostly nonradiatively relax to the 4I13/2 level) or directly
into short-wave edge of the absorption band 4I13/2. As the lower laser level is the
ground state rather high population inversion (~50% depending on wavelength) is
required to have a positive gain of Er-doped fiber.

Absorption and emission spectra of EDFs as well as the lifetime slightly depend
on the glass host. This is a result of different positions of Stark levels, intensities of
transitions between them and their homogeneous and inhomogeneous broadening
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Fig. 8.1 Energy diagram of erbium ions in silica glass [5]

Fig. 8.2 Experimentally
measured loss spectrum of
an Er-doped silica glass. The
absorption at 400–600 nm
region was divided by the
factor of 10; the small
oscillatory structure near
1100 nm corresponds to the
cutoff of the second-order
mode of the fiber [5]
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Fig. 8.3 Absorption and
emission cross section of an
Al co-doped EDF [6]

in different glass matrices. 4I13/2–4I15/2 transition absorption and emission cross
sections of a widely used Al co-doped Er-doped glass are presented in Fig. 8.3 [6].

8.2.2 Loss Mechanisms

One of the main reasons for the relatively low demonstrated maximum power of
Er-doped fiber lasers is their low pump-to-signal conversion efficiencies. There are
two main mechanisms that results in loss of pump and signal powers and, therefore,
suppress the efficiency.

First mechanism is the background or so-called grey loss. This loss are weakly
dependent on awavelength and are sumofmany factors: electron and photons absorp-
tion, Rayleigh scattering, impurities, glass non-uniformities, stresses etc Although
grey loss less than 0.17 dB/km were demonstrated for telecom fibers typical loss of
EDFs are 1–50 dB/km. This is caused by erbium and co-dopants precursors whose
purity is oftenmuchworse than that of commercially available germaniumand silicon
chlorides used for themanufacturing of the telecomfibers. It should be noted, that loss
of cladding-propagating light in state-of-the-art double-clad fibers is ~10–50 dB/km,
which also affect the efficiency of the cladding-pumped lasers.

Second mechanism is up-conversion processes caused by a clustering of erbium
ions.The thing is in rather lowsolubility of erbium ions in silica glass. Itwas shown [7,
8] that distribution of Er3+ in silica glass is not fully uniform and a noticeable amount
of ions are much closer to each other than it can be expected from the statistics. In
other words, erbium ions form clusters in the glass matrix. Short distance between
ions within a cluster leads to a fast ion-ion energy exchange and cause an effect called
up-conversion illustrated below.

Let’s consider cluster that consists from only two erbium ions. When both of
ions are excited one of them transfers its energy to another and goes into a ground
state. The other one simultaneously will go to the upper 4I9/2 state and then fast
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Fig. 8.4 Illustration of the up-conversion process

Fig. 8.5 Dependences of
part of clustered ions on
erbium concentration for
glasses with high and low
aluminum concentration [11]

non-radiatively relaxes back to the 4I13/2 state (Fig. 8.4). Thus, up-conversion results
in the loss of a signal or pump photon. For clusters of bigger size the up-conversion
process proceeds in a similar manner.

Co-doping of the silica glass with aluminum or phosphorus oxides allows signif-
icantly decrease a number of clustered ions of rare earth elements [9]. For Er-doped
silica glass it was shown that namely aluminum co-doped fibers demonstrates the
best performances [10]. Thus, to date, Al2O3 is the most usable co-dopant for Er-
doped fibers. Figure 8.5 shows dependences of part of clustered ions for fibers with
low (<1.5 mol%) and high (>3 mol%) concentrations of the aluminum oxide [11]. It
can be seen, that an addition of aluminum allows significantly decrease a number of
the erbium clusters in the silica glass. However, it should be noted, that the clustering
suppression saturates with the aluminum concentration at doping level near 3 mol%.
Further increase of the aluminum content does not affect the clustered ions number
[10].

Thus, up-conversionmight be considered as a source of unbleachable loss at signal
and pump wavelengths. The value of this loss depends on the erbium concentration,
the population inversion and the glass composition.
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8.3 Er-doped Yb-free Fiber Lasers Cladding Pumped
at 980 nm

The erbium absorption band near 980 nm is often used for pumping due to the
availability of efficient and cheap pump diodes at this wavelength. Worth to note that
rather high—close to quantum limited—pump conversion efficiency could easily be
reached in the Er-doped fiber lasers and amplifiers core-pumped at 980 nm [12].
However, the development of efficient cladding-pumped EDF lasers is much more
challenging. The reason is in rather low pump absorption and emission cross-sections
of Er3+ (~10 times lower than that of e.g. Yb3+). Thereby a relatively long fiber is
required to absorb the pump and to have a sufficient gain. Exploiting of a cladding-
pumped scheme even further reduce the pump absorption (approximately by the
factor equal to the cladding to core areas ratio) and increase a fiber length. As a
result, the influence of the background loss and the loss associated with clustering
becomes considerable and leads to the significant efficiency drop. There were several
attempts to realize high-powerEr-doped lasers cladding-pumpedfiber lasers [13–17],
however efficiency of these lasers for a long time remained relatively low: less than
24% in a single-mode regime and less than 30% for multimode lasers. Accurate
optimization of active fiber parameters was required in order to develop efficient
high-power Er-doped fiber lasers cladding-pumped at 980 nm.

8.3.1 Optimization of a Double-Clad Er-doped Fiber Design

In 2013 an influence of double-clad Er-doped fibers parameters on their efficiencies
was studied through a numerical modeling [11, 18]. It can be seen from Fig. 8.5 that
fibers with high Al2O3 concentration exhibit a better Er3+ ions solubility. However,
it worth to note that the high aluminum refractivity leads to a high core-to-clad index
difference �n, limiting the core diameter to 6–10 µm for a single mode regime.
A simulation result for amplifiers based on the double-clad EDFs with high Al2O3

concentration and core diameter of 10µmoperating at 1550 nm are shown in Fig. 8.6
(curve (1)). It can be seen that the efficiency of the amplifiers based on this type of
fibers does not exceed 5%. Reduction of the aluminum content in the core reduces
�n and allows increasing the core diameter. There are commercially available EDFs
with 20 µm core (�n ~ 0.002) which are operated singlemode by properly bending
the fiber [15, 19]. Despite a poor solubility of erbium in such a glass (see Fig. 8.5),
increasing the core-to-clad ratio enables the higher clad absorption and therefore the
shorter active fiber. This reduces the influence of the up-conversion and grey loss per
amplifier length. Calculations show significant increase of the slope efficiency for the
20 µm core fiber design (see curve (2) in Fig. 8.6). The maximum slope efficiency
of 16% might be achieved with such fibers.

In order to clearer demonstrate the influence of the background loss and the loss
caused by the clustering calculations taking into account each effect separately were
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Fig. 8.6 Calculated slope
efficiencies of cladding
pumped at 980 nm Er-doped
fiber amplifiers with various
Al2O3 concentration, core
diameter and operating
wavelength (clad diameter is
125 µm). 1: >3 mol%,
10 µm, 1550 nm; 2:
>1.5 mol%, 20 µm,
1550 nm; 3: 1.5 mol%,
20 µm, 1585 nm; 4:
1.5 mol%, 35 µm, 1585 nm
[11, 18]

Fig. 8.7 Calculated slope
efficiency of 20/125 µm
EDF with taking into account
only clustering (dotted), only
background loss (dashed),
and both (solid)

performed in [18]. The simulation was made for the same fiber parameters as for the
curve (2) in Fig. 8.6. Results are presented in Fig. 8.7. As follows from it the up-
conversion causes a significant degradation of the efficiency in heavily doped fibers.
It is caused by the growth of the number of Er-ion pairswith erbiumconcentration.On
the contrary, for fibers with low Er3+ content, their length reaches hundreds of meters
and the efficiency decreases due to the high net value of background loss. Thereby,
there is an optimal concentration of Er3+ where sum of clustering and background
loss is minimized.

At longer wavelengths Er3+ ions and therefore clusters have a lower absorption
cross-section. This decreases the number of ions in the excited state and therefore
suppresses the up-conversion. So, growth of the efficiency can be obtained by oper-
ating at longer wavelengths. The curve (3) in Fig. 8.6 shows the efficiency for the
same fibers as in (2) however operated at 1585 nm. The highest efficiency in this case
is ~27% at the Er3+ content ~1025 m−3. This result is in a good agreement with [15]
where 24% slope efficiency was obtained in an EDF with core and cladding diam-
eters of 20 and 125 µm and slightly higher erbium concentration. Further increase
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of the wavelength (for example to 1600 nm) did not show more improvement of the
efficiency due to very low Er3+ emission cross-sections at long wavelengths.

To date, stable manufacturing of fibers doped with ~1.5 mol% of Al2O3 and �n
~ 0.001–0.0015 was achieved by co-doping with fluorine enabling the fabrication
of singlemode fibers with a core diameter up to 35 µm [11]. The efficiency for
these fibers is shown by a curve (4) in Fig. 8.6. Efficiency as high as 40% can be
obtained with such a design. Thus, the maximum efficiency of an EDF cladding-
pumped at 976 nmmight be achieved for the large mode area fibers operating at long
wavelengths.

8.3.2 Experimental Results

According to the calculations presented above a fiber with optimal parameters was
fabricated in [11, 18]. The fiber core contained ~0.017 mol% Er2O3 (~7 · 1024 Er3+

ions/m3), ~1.5 mol% Al2O3 and ~1 wt% of F. The core diameter was 34 µm. The
refractive index profile (RIP), calculated fundamental mode field distribution (mode
field diameter: 24µm) and microscope image of the fiber facet are shown in Fig. 8.8.
The cutoff wavelength of the fiber was 1.7 µm, ensuring the singlemode operation
in a gently bent fiber (Rb < 35 cm) operated at 1585 nm. The cladding of the fiber
was square-shaped with a surface area of 110 × 110 µm2 (corresponding to that of
a circular fiber with a diameter of 125 µm). The fiber was coated with a low index
polymer providing NA � 0.46. The small-signal cladding absorption was 0.6 dB/m
at 980 nm.

Manufactured fiber was tested as a gain medium in high power amplifier and
oscillator laser schemes. Sketches of experimental setups are presented in Fig. 8.9. In
both cases a pump radiation from pigtailed 980 nm multimode diodes (105/125 µm,
0.22NA)was launched into the active fiber through a commercially available 6+1 to 1
pump combiner. A fiber laser with output power of 4W at 1585 nmwas used as a seed
source for the amplifier. A cavity of the oscillator was formed by highly reflective
fiber Bragg grating (FBG) and a straight cleaved output fiber facet providing 4%
Fresnel reflection. The FBG was written in a passive fiber with 20/125 µm core/clad
diameters (NA � 0.08/0.46). Output end of the amplifier was angle-cleaved. In both
schemes a high-power cladding light stripper similar to that described in [20] was
made near the output end of the active fiber. The combined available pump powerwas
275W and 190W in amplifier and oscillator experiments respectively. Dependences
of output powers on launched signal powers for the amplifier and the oscillator are
presented in Fig. 8.10. In both cases maximum output powers were limited only by
available pump powers.

Maximum output powers of 100 and 75 W, and slope efficiencies of 37 and 40%
were achieved. The output spectrumdidn’t show any amplified spontaneous emission
(ASE) over the emission band and the beam quality was close to the diffraction limit
as presented in the insets of Fig. 8.10. Taking into account high electrical to optical
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Fig. 8.8 Top: Refractive index profile and calculated mode field distribution in the manufactured
fiber (top) [11]; Bottom: and microscope image of the fiber facet [18]

(E–O) efficiency of 980 nm diodes (~50%), the E–O efficiency of the developed
lasers was ~20%.

To date, the output power of 100 W and the slope efficiency of 40% are the
highest demonstrated power and efficiency for the cladding-pumped at 980 nm Yb-
free Er-doped fiber lasers. Concerning power scaling of such type of lasers, to date,
980 nm pump diode with 105/125 output fiber (0.22 NA) and power of 100 W are
commercially available now. Thus, using a standard 7 to 1 pump combiner one can
build 280WEr-doped all-fiber laser. Moreover, recently 270Wdiodes were reported
as experimental samples [21]. Therefore power scaling of such Er-doped lasers to
the ~850 W level might be performed in the near future.
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Fig. 8.9 Experimental set up of high power amplifier (top) [18] and oscillator (bottom) based on
the developed double-clad EDF [11]

Fig. 8.10 Output power of the amplifier (left) [18] and oscillator (right). Insets: output spectrum
of the oscillator and its beam profile [11]

8.4 Er-Yb Co-doped Fiber Lasers

8.4.1 Yb Sensitization of Er-doped Fibers

As itwas shown above, the lowvalue of Er3+ ions cross-sections results in the increase
of the active fiber length and corresponding raise of net loss in laser/amplifier. One
solution to this problem is to sensitize fiber by co-doping the EDF with ytterbium.
The Yb3+ then absorbs most of the pump light and cross relaxation between adjacent
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Fig. 8.11 Left: The energy levels for the Er-Yb co-doped system. Right: Attenuation spectrum of
a co-doped fiber with Er:Yb concentration ratio 1:30

ions of Er3+ and Yb3+ allows the absorbed energy to be transferred to the Er3+, thus
providing another route for pumping the laser (see Fig. 8.11).

It should be noted that the absorption cross-section of ytterbium is order of mag-
nitude higher than that of erbium. In addition, Yb3+ ions have only one energy
transition in the near infrared region, thus clustering of ytterbium ions does not
lead to up-conversion processes. Therefore, much higher ytterbium concentrations
(up to several wt%) might be used comparing to that of erbium (~0.1 wt%) without
impact on the efficiency. As a result, co-doping of an Er-doped fiber with Yb3+ allows
increasing pump absorption by several orders of magnitude (see Fig. 8.11). It is also
important that Yb co-doping increase solubility of the Er ions [22], which also allows
one to increase pump-to-signal conversion efficiency.

Several groups successfully demonstrated low power (<1 W) Er-Yb lasers in the
early 1990s [23, 24]. However, when more powerful pump diodes became available
it turned out that power scaling of Er-Yb lasers to levels higher than several Watts is
quite challenging. The main limiting factor for that is a parasitic emission (ASE or
even lasing) of ytterbium ions near 1 µm. It results in an efficiency rollover at high
powers and a self-pulsing near 1 µm causing the catastrophic damage of the fiber
and optical components.

Reasons for the parasitic lasing are the back energy transfer from Er to Yb ions
and the fact that there are some amount of isolated Yb3+ ions (i.e. not coupled with Er
ions) that might emit light near 1 µm. Thus, careful core composition optimization
is required to increase a threshold of the parasitic emission. Particularly, heavily
phosphorous doping of the active core is usually used. The addition of phosphorous
to the silica glass increase the phonon energy and ensure rapid multiphonon decay
from the 4I11/2 level of Er3+ so minimizing back transfer of energy to the donor Yb3+

ion. Another way to avoid self pulsing near 1 µm is simultaneous operation at 1 and
1.55 µm. This might be realized by building additional cavity or seeding at 1 µm
[25, 26].
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Fig. 8.12 MOPA setup from [29]

8.4.2 High-Power Er-Yb Lasers

To date, the maximum power demonstrated with standard singlemode fibers with
5–10 µm core diameters is only ~10 W [24–27]. This level is limited by parasitic
ASE and self-pulsing near 1 µm.

The best results in power scaling of Er-Yb fiber lasers were achieved by the group
from Optoelectronic Research Center. The authors proposed exploiting of large-
mode area active fibers. Increase of the core diameter allows reduction of the power
density and, therefore, increasing the Yb lasing threshold. At the same time, the
requirement of a high phosphorous concentration which increase refractive index of
the glass leads to the fiber multimodeness.

In [29] an Er-Yb fiber with core/cladding diameters of 30/650 µm and the core
NA of 0.2/0.45 was developed. The Er-Yb co-doped core provided a core absorption
of 67 dB/m at 1535 nm (from the Er doping) and an inner cladding absorption for
the pump light at 975 nm of 1.4 dB/m (from the Yb doping). The fiber was tested
in a MOPA scheme presented in Fig. 8.12. The fiber was end-pumped from the
signal output end by a free-space coupled diode stack at 975 nm with up to 470 W
of launched pump power. Both fiber ends were angle cleaved to eliminate signal
feedback. The signal from the preamplifier was launched via a free-space coupling
arrangement, through a beam splitter and a dichroic mirror that were inserted to
monitor the backscattered signal and to separate the residual pump and any spurious
Yb emission at 1 µm from the signal beam path.

The dependences of the signal power near 1.55 µm and the spurious lasing at
1 µm, and their spectra are presented in Figs. 8.13 and 8.14.

The highest output power of 151 W at 1563 nm was achieved at a launched pump
power of 457W. The slope efficiency of 35% at low powers dropped to 29% at higher
powers because of the onset of Yb emission. The maximum power of this emission
exceeded 70 W at the maximum pump power. Despite the high value of V factor
(V � 12) singlemode operation was achieved through the fiber bending and beam
quality parameter M2 � 1.1 was measured.
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Fig. 8.13 Signal power versus final-stage pump power. Inset: output spectra at 1563 nm [29]

Fig. 8.14 Yb-emission
power versus final-stage
pump power. Inset:
Yb-emission spectra [29]

In their following work the authors built a high-power oscillator schematically
presented in Fig. 8.15 [4]. The fiber used in the experiment had a 30 µm core and a
600 µm cladding with NAs of 0.21 and 0.48. The absorption for light in the inner
cladding from the Er and Yb ions are 0.11 dB/m at 1535 nm and 3.8 dB/m at 976 nm.
The EYDF used for the laser is 6-m long, and both endswere cleaved perpendicularly
to the fiber axis. The laser cavity was formed between the bare fiber facet at the pump
launch end of the fiber and a dichroic mirror butt-coupled to the fiber at the rear end.
The dichroic mirror had high reflection at 1.5–1.6 µm and high transmission for the
pump and Yb emission wavelengths at ~1.07 µm.

Figure 8.16 shows the laser performance at 1.56 µm (left) and 1.07 µm (right).
As well as in the MOPA setup discussed above a significant rollover of efficiency
(from 40 to 19%) associatedwith anYb parasitic emission can be observed. 297Wof
power at 1.56µm and total 340W of power at 1µmwere measured at the maximum
pump power. The beam quality parameter for the output at 1.56 and 1.07 µm were
3.9 and 12.
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Fig. 8.15 Schematic of the Er:Yb codoped fiber laser system [4]

Fig. 8.16 Output power at 1.56 and 1.07 µm as functions of pump power [4]

The output power of 297 W, to date, is the highest power ever demonstrated for
a laser operating near 1.55 µm. However, further power scaling of such systems
looks challenging due to the serious impact of the parasitic Yb emission on the laser
performance. The requirement of the 1 µm lasing control prevents building of all-
fiber system and makes Er-Yb lasers rather complex and impractical. Significant
improvement of a fiber design is required to overcome this issue.

8.5 Er-doped Fiber Lasers Cladding-Pumped at 1530 nm

In recent years in-band (or resonant) pumping has been the focus of attention as a
promising approach for building high average power fiber lasers. For these lasers
low quantum defect has allowed the demonstration of much higher optical-to-optical
(O–O) efficiency and thus lower heat loads compare to their off-band pumped coun-
terparts. For Er-doped fibers absorption peak near 1530 nm is often used for in-band
pumping.
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8.5.1 Pump Sources Near 1530 nm

There are commercially available InGaAsP/InP diode systems operating near
1535 nm that can be used for Er-doped fibers pumping. At the same time, to date,
their parameters are much inferior to that of well-developed diodes at 915/980 nm.
Available power of these diodes typically doesn’t exceed ~30 W (for 105/125 µm
fiber), and efficiency is ~25%. To compare, 980 nm diodes available power and effi-
ciency are ~100 W and 50%. In addition, a price of 1530 nm diodes is rather high.
Another problem of diode pump sources is a thermal drift of the central wavelength.
The point is in the rather small (several nanometers) spectral width of the erbium
absorption peak near 1530 nm. Therefore, a pump wavelength variation with power
or temperature can lead to a decrease of the pump absorption and, thus, efficiency
reduction. Moreover, it is known that even diodes with wavelengths locked by a vol-
ume Bragg grating frequently generate significant amounts of out-of-band radiation
when operated near the maximum current and/or at high heat sink temperatures.
The highest demonstrated to date pump power from diode sources near 1535 nm in
125 µm fiber is 170 W [19]. It was obtained by combining of 6 multimode diodes
through a commercially available 6+1 to 1 pump combiner.

In order to overcome disadvantages of diode sources fiber pump lasers were
developed by several groups [28, 30–32]. For instance, in [30] single-mode 1535 nm
an Er-Yb laser with 20W of output power was used to core- and clad-pump Er-doped
fiber. At the same time, as it was shown in Sect. 8.4 power scaling of Er-Yb lasers
to 100 W and above power level is quite challenging due to the parasitic Yb lasing.
To avoid this limitation Jebali et al. [28] proposed to combine several single-mode
Er-Yb laser. The setup of the laser is schematically shown in Fig. 8.17. A radiation
of 36 fiber lasers at 1535 nm was coupled into the cladding of an active double-clad
fiber through specialty-developed combiner. Each Er-Yb pump laser was, in turn,
pumped by 976 nm fiber coupled multimode diodes (see dashed box in Fig. 8.17).
A commercially available (CoractiveDCF-EY-10/128) Er-Yb fiber was used as an
active medium for these lasers. The fiber had relatively high Yb concentration that
caused high heat load. As a result, the output power of each pump laser was thermal
limited at level of ~10 W. The average efficiency of pump lasers was 35.6%.

The outputs of these pump lasers were combined using a custom-made pump
combiner that merges 37 standard single-mode fibers inputs (SMF28) into one core-
less 125 µm fiber with a NA of 0.45. The manufacturing technique of the 37 → 1
fused fiber bundle combiner is described in [33] and [34]. The pump combiner losses
was evaluated to be ~0.3 dB. As a result, ~370 W of multimode pump radiation at
1535 nm in 125 µm fiber was generated.

Another approach to build a high power pump laser at 1535 nmwas demonstrated
in [31]. It was proposed to use multimode Yb-free Er-doped fibers cladding-pumped
at 980 nm. As it was shown in Sect. 8.3.1, increase of the core diameter of cladding-
pumped Er-doped fibers results in significant improvement of their efficiency. It
worth to note, that there is no need for a high beam quality of the 1535 nm pump
source for cladding-pumped lasers. The parameters of the EDF core are limited only
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Fig. 8.17 Experimental setup from [28]

Fig. 8.18 a Computed slope efficiency of the amplifier at 1535 nm. b Refractive index profile and
of the Er-doped preform and microscope image of the fiber facet 32

by the requirement to match them to the pump ports of standard pump combiners: a
core/cladding diameter of 105/125 µm and a numerical aperture of 0.15. Therefore,
the active fiber core could be multimode and has diameter up to 105 µm.

A numerical analysis similar to that described in Sect. 8.3.1 was performed in [31,
32] to define the optimum erbium concentration for a multimode Er-doped fiber. The
slope efficiency of a co-pumped power amplifier based on 100/125 µm double-clad
Er-doped fiber operating at 1535 nm was computed (Fig. 8.18a). It can be seen that
the efficiency as high as 40% could be achieved.

Based on the simulation results, a fiber preform with optimum parameters was
produced [31, 32]. The refractive index profile of the preform core is presented
in Fig. 8.18b. The preform was polished to an octagonal shape and a double clad
fiber was drawn down from it. The resulting fiber had core/cladding diameters of
95/125 µm and was coated with a polymer providing a pump NA of 0.46. A micro-
scope image of the fiber facet is presented in Fig. 8.18b.

The manufactured fiber was tested in an original laser scheme described below. It
should be noted that, in addition to a high E–O efficiency, there are other important
demands for the pump source: compactness, high long-term stability, small size and
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Fig. 8.19 a Scheme of the multimode laser. bOutput power of the multimode laser. Inset-spectrum
at full power [32]

low cost. The simplest and therefore the cheapest scheme for a fiber laser consists of
a gain fiber spliced between two FBGs. However, it is known that different modes
have different reflection spectra from an FBG written in a multimode fiber. As a
result, the spectrum of such a multimode laser has several peaks [13], leading to the
effective spectral broadening. In addition, this effect could result in unstable operation
because of the mode competition. To ensure a narrow spectrum of a multimode laser,
a MOPA scheme could be used. However, the requirement of a seed laser that is
powerful enough to saturate the amplifier increases the cost and footprint of the
system and makes it more cumbersome.

In [31, 32] the new, simple multimode laser scheme was proposed (Fig. 8.19).
A pump at 980 nm was launched into the cavity formed by 1.5 m of the single-
mode double clad EDF developed in [11] and a pair of FBGs. Four multimode pump
diodes at 980 nm and overall maximum power of 173 W were coupled through a
commercially available 7 × 1 pump combiner into the laser resonator. The FBGs
were written in a 20/125 passive fiber (NA~0.08/0.45) and had reflections of ~100
and 10% at 1535 nm with bandwidths <0.8 nm. The small-signal absorption from
the cladding near 980 nm of the single-mode EDF was ~0.6 dB/m [11], so only ~5%
of the overall pump power was absorbed in the single-mode laser cavity. It generated
light at 1535 nm with a slope efficiency of ~45% with respect to the absorbed power.
This signal was used as the seed radiation for the 12 m piece of the multimode
EDF described above that was spliced to the 10% FBG of the single-mode cavity. A
commercially available 105/125µmmultimode fiber was spliced at the output of the
laser, and a cladding pump stripper similar to that described in [20] was built at the
splice point. Therefore, the singlemode seed laser and the multimode amplifier were
both pumped by the same pump diodes at 976 nm, and the spectral width of the laser
was locked by the FBGs written in the single mode fiber, resulting in a relatively
narrow output spectrum.

Figure 8.19b depicts the output power of the developed multimode laser. 60 W of
output power, which was limited by the available pump power, was achieved. The
slope efficiency of the laser was estimated to be 35%. The output spectrummeasured
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Fig. 8.20 Laser scheme
from [35]

near 1535 nm with 0.1 nm resolution is presented in the inset of Fig. 8.19b. A small
part (~8% relative to the output power of the laser) of unabsorbed pump at 976 nm
was propagated in the multimode laser core together with the signal near 1535 nm.

8.5.2 Er-doped Fiber Lasers Pumped at 1535 nm

The first high-power Er-doped fiber laser resonantly cladding-pumped near 1535 nm
wasdemonstrated in [35]. Experimental setup from thiswork is presented inFig. 8.20.
It is comprised of a diode laser seeder, a preamplifier and a booster amplifier. The
preamplifier provided a maximum output power of 0.4 W in order to maintain a
signal level sufficiently close to saturating the booster gain. The Yb-free fiber booster
amplifier was based on a 9.5 m Liekki Er 60-20/125 double-clad large mode area
fiber with a core diameter and a numerical aperture of 20 and 0.07 respectively. The
booster amplifier was cladding co-pumped by six 5–6W fiber-coupled 105/125 µm,
NA of 0.15 InGaAsP/InP laser diode modules coupled into the active fiber via a 6+1
to 1 pump combiner. The maximum combined launched power was 30.2 W.

The maximum output signal power of 9.3 W at 1570 nm was obtained. The slope
efficiency with respect to the absorbed pump power and O–O efficiency were 45 and
33%. In their following works the authors built high-power all-fiber oscillators with
similar pump configuration and improved wavelength-stabilized diode sources [19].
As a result, the maximum output power of 88 W was achieved. The slope efficiency
relatively to the absorbed pump power and O–O efficiency were increased to 69 and
52%.

It worth to note, that the highest achieved by the authors optical-to-optical of 52%
efficiency is quite far from the quantum limit (96%). Thus, exploiting of a specialty
optimized fiber instead of a commercially available one was required in order to
increase the output power. Such optimization was done in [28]. As it was discussed
above, first of all, erbium ions clustering should be suppressed. An alumino-phospho-
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silicate glass matrix with addition of Yb and Er was used as a material of the core.
In contrast to Er-Yb lasers discussed above, Yb ions do not participate in the laser
transition of in-band pumped EDFs. It was shown that addition of other rare earth
elements such as lanthanumor ytterbiumallows to increase efficiency of theEr-doped
fiber lasers [22]. Apparently, a portion of the clusters that are consist of different rare
earth ions, whose energy levels do not coincide, and Er3+ ions are separated inside
the clusters by a second type of rare earth ions (e.g. Yb3+ or La3+). This effect may
prevent up-conversion processes in these clusters. At the same time, aluminum and
phosphorus oxides forms AlPO4 joints in silica glass. These structure units act as
solvation shells for Er3+ ions and by this way also improve erbium solubility in the
glass [10]. Both these approaches were applied by the authors of [28] to reduce
up-conversion loss.

The manufactured in [28] active fiber had core and cladding diameters of 17 and
125 µm. Small signal absorption of the fiber from the cladding was 1.1 dB/m at
1535 nm. Er:Yb concentrations ratio was 1:3.3. The laser setup depicted in Fig. 8.17
was used. The cavity consisted of a FBG acting as the high reflector and 18 m of
Er–Yb co-doped double-clad fiber with the cleaved end acting as the output coupler.
The 1585 nm FBG, with a 3 dB bandwidth of 2 nm and a reflectivity of 30 dB, was
UV written in a single-mode double-clad fiber having an 11 µm core diameter and a
NA of 0.08. 264 W of output power was achieved with the slope efficiency of 75%
with respect to the launched pump power in this experiment.

To date, 264 W [28] is a record demonstrated output power for the singlemode
Er-doped fiber lasers. However, available pump power for the scheme demonstrated
at Fig. 8.17 is quite limited by thermal effects and a parasitic emission of the single-
mode Er-Yb fibers. Further power scaling might be achieved by combination of the
fiber from [28] andmultimode pump sources discussed above (Fig. 8.19). Indeed, the
power of the describedmultimode fiber laser could be easily scaled. As it was already
mentioned, 100 W multimode pump diode sources at 980 nm with a 105/125 µm
fiber pigtail are commercially available now. Using these diodes together with 7-to-
1 pump combiners ~250 W of power at 1535–1590 nm from 100 µm core output
fiber (NA � 0.15) at the output of multimode laser. Finally, even this output power
level from multimode fiber laser is not limited. It is shown in [31] that decrease
of the pump conversion efficiency of multimode fibers is not very significant when
core-to-cladding diameters ratio is decreased to 0.5. The efficiency of 100/200 µm
core/cladding diameter with optimized erbium concentration and decreased back-
ground will have pump conversion efficiency of ~35% at 1535 nm. Currently pump
combiners with 19 pump ports (105/125 µm, NA � 0.15) and output fiber with an
outer diameter of 200 µm and a NA � 0.45 are commercially available. This means
that there are no fundamental limitation to scale output power ofmultimode Er-doped
lasers (output 105/125 µm fiber with NA � 0.15) to the level of 600 W of output
power.

Utilization of such powerful sources instead of semiconductor pump diodes or
Er-Yb fiber lasers could be very promising. In particular using of 7+1-to-1 pump
combiner and 7 such pump sources with a highly efficient in-band pumped Er-doped
fiber laser from [28] could allow one to scale output power of the single-mode laser
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to the unprecedented level of more than 3 kW. Therefore, to date tandem pumping
of single-mode Er-doped fiber by the multimode fiber lasers is the most promising
approach to build a multi-kW laser source at 1.55 µm.

8.6 Er-doped Fiber Lasers Core-Pumped at 1480 nm

As itwasmentioned aboveEr-dopedfibers demonstrated close to the quantum limited
efficiency when core-pumped at 980 [12] or 1480 nm [36]. In this case, required
length of the fiber is much smaller (approximately by factor of cladding-to-core
areas ratio) compare to the cladding-pumped schemes. This significantly reduces
the impact of clustering-induced loss on the efficiency. However, to date, the output
power of the available singlemode pump diode sources at these wavelengths is less
than few Watts. Similar to the pumping near 1530 nm good alternative to diode
sources is a usage of fiber lasers.

There were some attempts to manufacture a high-power Yb-doped fiber laser
operating at 980 nm [37–39]. However, efficient operation of Yb-doped fiber lasers
at this wavelength is greatly obstructed by a competitive lasing near 1030 nm. As a
result, proposed single-mode Yb-doped fiber lasers at 980 nm either demonstrated
low efficiencies and powers [38, 39] or were too cumbersome and expensive for
mass-production as a pump source [37]. As a result, no high-power Er-doped fiber
lasers core-pumped by fiber lasers at 980 nm have been reported yet to the best of
our knowledge. The development of fiber Raman lasers operating near 1480 nm was
more successive and are discussed in the following section.

8.6.1 Raman Lasers at 1480 nm

Stimulated Raman scattering is an effective method to generate new wavelengths
in optical fibers. Typical scheme of a Raman fiber laser at 1480 nm is presented
in Fig. 8.21 [40]. Radiation of a single-mode high-power Yb-doped fiber laser is
coupling into a cascaded Raman resonator. The resonator is formed by sets of Raman
input gratings (RIG), Raman output gratings (ROG), and a Raman fiber.Wavelengths
of grating sets are defined by a Stokes shift of theRaman fiber. For standardGe-doped
silica fibers the shift is ~440 cm−1, so five FBGs is required for each set to reach
wavelength of 1480 nm. For instance for Yb-doped fiber laser operating at 1117 nm
grating sets are consisting from FBGs at 1175, 1240, 1310, 1390 and 1480 nm [40].
All FBGs except output one at 1480 nm should be highly reflective. At the same time
it was shown that the P-doped fibers have a Stokes shift of ~1300 cm−1. In this case
only two FBGs per set (at 1240 and 1480 nm) are required.
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Fig. 8.21 Schematic of a typical Raman fiber laser [40]

Fig. 8.22 Output spectrum of Raman laser at 41 W of output power [41]

Using setup described above and Ge-doped fiber as an active media the maximum
of 41 W of output power at 1480 nm was achieved with 1117-to-1480 nm O–O effi-
ciency of ~40% [41]. The power limitation for such a setup came from an unwanted
scattering into the next Stokes order near 1580 nm. For 125 m of Raman fiber, the
1580 nm peak was only 15 dB below the 1480 nm peak at 41 W of output power
(Fig. 8.22). The 1580 nm peak could be reduced to 30 dB below the 1480 nm peak
by shortening the fiber length to 65 m, but with a negative impact on conversion effi-
ciency. Furthermore, as the fiber length was shortened, a smaller fraction of light at
the output was contained at 1480 nmwith more residual radiation at the intermediate
Stokes wavelengths [41].

Thereby, the lasing suppression at 1580 nm is required for further power scaling
of Raman lasers at 1480 nm. In order to do that the specialty Raman filter fiber
(RFF) was developed by the group from OFS Laboratories [42]. The RFF was a
germanosilicate fiber that used a fundamental mode cutoff to achieve distributed loss
at wavelengths longer than 1480 nm [42]. The RFF provided cascaded Raman gain
up to 1480 nm and distributed loss at longer wavelengths. The measured loss curve
is shown in Fig. 8.23.

Figure 8.24 shows the output power from the Raman laser as a function of 976 nm
pump power. The maximum total output power measured was 88.1 W, with 81 W
at 1480 nm, for a pump power of 250 W. The output of the 1117 nm, Yb fiber laser
at this pump power was 162 W. The measured spectrum at full power is shown in
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Fig. 8.23 Measured loss of RFF fiber [40]

Fig. 8.24 a Output power as a function of 976 nm pump power (including both oscillator and
amplifier pump power). b Output spectrum at maximum pump power on a linear and a log scale
(inset) [42]

Fig. 8.24b on a linear scale and on a decibel scale in the inset. At 1552 nm, the signal
is 42 dB below the peak at 1480 nm, and more than 60 dB down at 1580 nm. The
maximum output power was limited by the available pump power in this experiment.

Further Raman fiber laser construction optimization was done in [40]. The main
factors decreasing the efficiency of the Raman lasers were identified as follows [40]:

1. Transmission loss in the Raman input grating set and output grating set.
2. Two intra-cavity splices between low effective area (possibly dissimilar) fibers

constituting the grating sets and the Raman gain fiber.
3. Linear loss in the Raman fiber.
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4. Enhanced backward and forward light at the intermediate Stokes wavelengths
due to their bandwidth being higher than the grating bandwidths.

5. Splice loss between the Yb-doped fiber laser output and the low effective area
Raman fiber.

Thus, a number of loss components are associated with the cascaded Raman
resonator assembly. To eliminate the cascadedRaman resonator exploiting of a single
pass cascaded Raman scheme was developed in [40]. Two key ingredients were
necessary to make the single pass cascaded amplifier feasible. Firstly, a simple multi-
wavelength source which can simultaneously provide sufficient powers at all the
intermediate wavelengths. A lower power conventional cascaded Raman laser lends
itself ideally for this purpose. Light present at the output at all the intermediate
Stokes wavelengths provides sufficient seed power at the exact requiredwavelengths.
Secondly, scattering of the output wavelength to the next Stokes order can be further
enhanced in a single pass configuration. The use of Raman filter fiber eliminates this
problem and provides a technique to terminate the cascade of wavelength conversion.
The proposed in [40] laser design is presented in Fig. 8.25. A high power Yb-doped
fiber laser was combined with a lower power Raman seed laser. The Yb-doped fiber
laser was emitting at 1117 nm and the power was combined using an 1117/1480 nm
fused fiber wavelength division multiplexer (WDM). This is then sent through a
Raman filter fiber.

Figure 8.26 shows the total output power and components at each Stokes wave-
length measured as a function of input power at 1117 nm to the cascaded amplifier. A
progressive growth and decay of all the intermediate Stokes componentswith increas-
ing power can clearly be observed. A rapid growth of the final output wavelength is
seen beyond a power threshold.

Figure 8.27a shows the total output power and the 1480 nm component as a
function of input power at 1117 nm. The maximum output power was ~204 W at
1480 nm.The conversion efficiencieswere 65% from1117 to 1480 nm (for a quantum
limited value of 75%) and 43% O–O from 975 nm pump to 1480 nm. Figure 8.27b
shows the measured output spectrum at full power (log scale in the inset). More than
95% of the power is in the 1480 nm band indicating the high level of wavelength
conversion.

Fig. 8.25 Experimental scheme of single-pass cascaded Raman laser
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Fig. 8.26 Plot of total output power and components at each Stokes wavelength as a function of
input power

Fig. 8.27 a Plot of total output power and output power at 1480 nm as a function of input power
at 1117 nm. b Spectrum of the output in linear and log scale (inset) at maximum power [40]

In their following work with higher available pump power the authors realized
300 W single-pass cascaded Raman laser with output power of 300 W and similar
efficiency [43].

8.6.2 Core-Pumped Er-doped Fiber Laser

Developed Raman fiber lasers were used for core-pumping of Er-doped fiber lasers.
A backward pumped architecture was utilized in [44] (Fig. 8.28). 1554 nm FBG
with a FWHM of 6 nm served as the high reflector and a flat cleave (which provides
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Fig. 8.28 Experimental setup from [44]

Fig. 8.29 a Output forward power at 1554 nm as a function of 1480 nm input. b Output spectrum
of the laser [44]

a 4% reflection) was used as the output coupler. An advantage of the backward
pumped architecture was that no additional filtering was necessary for applications
which might be sensitive to the power at the intermediate wavelengths. The output
of the FBG was fusion spliced to 21 m of length of MP980 Er-doped fiber from OFS
Specialty Photonics Division. The fiber had a peak absorption of approximately
6 dB/m at 1530 nm, 0.23 NA and a mode field diameter of approximately 5.6 µm.

Figure 8.29a shows the forward output power at 1554 nm as a function of input
1480 nm pump power. The maximum power of 101 W was obtained with 142 W
of pump power corresponding to a conversion efficiency of 71%. The output power
was only limited by the availability of pump power. Figure 8.29b shows the output
spectrum at maximum power. The laser FWHM is ~3.5 nm. No ASE was observed
even at 50 dB below the emission peak.

It should be noted that the high power WDMs is a critical part of core-pumped
high-power oscillators/amplifiers. It was shown above, theseWDMs are used to build
1480 nm pump source, and to couple pump radiation into EDF. The intensity of the
light in suchWDMs are much higher than that in pump combiners used for cladding-
pumped scheme. This makes the development ofWDMswhich are capable to handle
multi-hundred of Watts or even kilowatts power level rather challenging. Moreover
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it was shown, that additional efforts should be taken to filter out intermediate Stokes
waves that can cause long-term performance degradation of WDMs [45]. Thus,
further power scaling of the core-pumped Er-doped fiber lasers will be probably
limited by the availability of high-power multiplexors.
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