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Yb-, Er—-Yb-, and Nd-doped fibre lasers based
on multi-element first cladding fibres
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S.L. Semenov, K.S. Kravtsov, A.N. Gur’yanov, M.V. Yashkov, E.M. Dianov

Abstract. Single-mode cw Yb-, Er—Yb, and Nd-doped fibre
lasers are fabricated by using fibres of a complicated
structure (a few silica fibres in optical contact with each
other are surrounded by a polymer jacket). Such a structure
allows the coupling of radiation from several pump sources
into one active fibre, providing an increase in the output
power of the fibre laser. The Yb-doped fibre lasers with the
output power above S0 W and efficiency ~ 65% and the
1.608-pm Er— Yb-doped fibre laser pumped to the absorption
band of Yb are fabricated and studied. The Nd-doped fibre
lasers based on such fibres and emitting at 0.92 and 1.06 pm
are manufactured for the first time.

Keywords: fibre laser, double-clad fibre, ytterbium, erbium, neody-
mium.

1. Introduction

The output power of cw double-clad fibre lasers has been
constantly increasing in the last years. It exceeded already
600 W for lasing at the fundamental (transverse) mode
[1, 2] and achieved 1 kW in the few-mode lasing regime [1].
The main advantages of high-power diode-pumped fibre
lasers are their high efficiency (the plug-in efficiency above
20 %), the design simplicity and durability (compared to
gas and usual solid-state lasers), and substantially less rigid
requirements to the active-medium cooling due to the use of
optical fibres. The attention is chiefly paid to the increase in
the output power of single-mode [2, 3] and few-mode [4—7]
lasers whose radiation can be combined in one multimode
fibre to obtain 10 kW of output power [8] and more.
The active media of high-power fibre lasers are, as a rule,
Yb-doped [3, 4] or Yb—Nd-doped [5] fused silica fibres. The
Yb-doped fibre lasers emit in the range from 0.98 to
1.17 pum. The emission spectrum of fibre lasers can be
expanded by using fibres doped with other rare-earth
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ions; however, the efficiency of these lasers is much lower
[9].

The Er—Yb-doped fibre lasers emit at ~ 1.6 pm. These
lasers are pumped into the absorption band of Yb ions,
which provides a considerably higher absorption coefficient
for pump radiation from the first cladding compared to a
purely Er-doped fibre because the excited Yb ions can
efficiently transfer, under certain conditions, their energy
to the Er ions which produce lasing.

The three-level Nd-doped fibre laser operating on the
4K, /2 —*1Iy /> transition can expand the emission spectrum of
fibre lasers to the short-wavelength region (down to
0.92 um). It is known that usual Nd-doped fibre lasers
pumped through the first cladding produce lasing on the
4F3/2 —4111/2 transition at 1.06 pm in the four-level scheme.
Therefore, to obtain lasing at 0.92, it is necessary to suppress
amplified emission at 1.06 pm.

Until recently the efficient lasing on the 4F3/2 —419/2
transition with the output power of a few watts at room
temperature was achieved only in YAG and YVO, crystal
matrices [10]. A clad-pumped fibre laser on the 4F3 /2 —419 /2
transition operated only at liquid nitrogen temperature in
the four-level scheme [11]. The efficient, high-power quasi-
three-level lasing on the 4F3/2 —419/2 transition of the Nd**
ion in a double-clad silica fibre has been achieved under
normal conditions only recently [12—14]. The gain at
1.06 um was efficiently suppressed in these papers by using
the W-shaped profile of the refractive index of a signal fibre,
introducing additional losses by fibre bending, and by
selecting appropriately the type of glass for the fibre core.

It is known [15—18] that the fundamental mode in W-
index fibres has a finite cut-off wavelength (unlike step-index
fibres without the depression region). Therefore, by selecting
the fibre parameters so that the cut-off wavelength for the
fundamental mode would lie in the spectral range from 0.92
to 1.06 pum, one can provide the conditions for the propa-
gation of radiation at 0.92 pm along the fibre core and the
escape of radiation at 1.06 um out of the core. The sup-
pression of the 1.06-um radiation can be also achieved by
fibre bending and twisting. Note that the W-index fibre was
first used [19] to suppress the gain band at 1530 nm in an
erbium-doped fibre amplifier to achieve the gain in the S
band in the region 1.48—1.52 pm.

The mirrors of fibre lasers can be fibre Bragg gratings
(FBGs) of the refractive index written in the fibre core or
dielectric mirrors deposited on the fibre ends.

High-power fibre lasers are most often based on double-
clad fibres (Fig. 1). The pump radiation is coupled into the
first cladding, which is usually made of fused silica and is
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Figure 1. Scheme of a double-clad laser pumped into the end-face (a)
and the cross section of a double-clad fibre (the first cladding has a
square cross section) (b): (/) silica fibre with a core doped with active
ions ( /a: core; Ib: first cladding); (2) polymer jacket (2a: polymer with
lower refractive index (second cladding); 2b: protective jacket); (3)
splices of the laser fibre with fibre (4) in which a FBG is written; (J5)
highly reflecting FBG; (6) output FBG; (7) pump radiation; (&) output
laser radiation.

surrounded by the second cladding with a lower refractive
index. The second cladding can be made of a polymer or
fused silica doped with fluorine. The first cladding is a
multimode waveguide for the pump radiation. The pump
radiation propagating in the first cladding is absorbed by
active ions doped into the fibre core.

2. Methods for coupling pump radiation
into the first cladding of a laser fibre

At present, there exist several methods for coupling pump
radiation into a double-clad laser fibre:

(1) Direct coupling pump radiation through the fibre
end-face (Fig. 1); in this case, the second end-face of the
fibre is used to couple radiation out. The pump radiation
can be also coupled through both end-faces of the double-
clad fibre [1], which allows the doubling of the coupled
power. However, this requires the use of non-fibre elements
such as lenses and multilayer mirrors, which complicates
substantially the laser design and reduces its reliability.

(ii)) Coupling pump radiation through the fibre side
surface by using a V-groove [20]. This method is techno-
logically complicated and restricts the energy coupled into
the fibre because only half the fibre cross section is used.

(iii) Coupling pump radiation through the fibre side
surface (this method is used, as a rule, in block solid-state
lasers) without using light-guiding properties of the first
cladding [21]. It seems that this method can be employed
only for multimode fibres because of a weak absorption of
pump radiation in single-mode fibres.

(iv) Coupling radiation through the fibre side surface by
using multimode couplers [22]. Such devices have several
multimode inputs and one multimode output with a large
aperture and a large diameter compared to input fibres and
represent several fibres spliced into one. These commercial
devices have low losses; however, they cannot operate at
high pump powers (no more than 20 W per each fibre) and
substantially reduce the radiation brightness (by half and
more). The realisation of such devices was reported only in
few papers [22, 23], which is probably explained by tech-

nological problems encountered in their fabrication. It is
possible that a further improvement of these devices will
allow one to use them in high-power fibre lasers.

(v) Coupling pump radiation by using a double-clad
fibre in which, unlike the fibre in Fig. 1, the first cladding
consists of several fibres (Fig. 2). Below, we will refer to
such fibres as multi-element first cladding fibres (MFC fibres
or GTWave fibres [24]).

Figure 2. Cross section of an MFC fibre: (/) signal fibre ( /a: core; 1b:
first cladding); (2) passive fibres; (3a) common cladding with lower
refractive index; (3b) protective jacket.

An MFC fibre consists of an active (signal) fibre in
optical contact with one or several parallel multimode silica
fibres. All the fibres are surrounded by a common polymer
jacket with the refractive index that is lower than that of
fused silica. The cross section of a three-element fibre is
shown in Fig. 2. All the separate multimode fibres (ele-
ments) are optically coupled with each other, representing
the first (outer) cladding of the signal fibre core. Because
multimode fibres are not mechanically coupled with each
other (being combined only inside a polymer jacket), they
can be separated from each other and spliced independently
with passive fibres through which pump radiation is
coupled, while the active fibre can be spliced with single-
mode fibres for coupling and coupling out laser radiation.

The structure of MFC fibres makes it possible to
assemble both all-fibre lasers (Fig. 3a), by splicing fibres
with written FBGs to the active fibre ends, and fibre
amplifiers by providing a convenient access to both outputs
of the active fibre. Fibre schemes assembled from MFC
fibres can contain several sites for coupling pump radiation
(two-element fibre has two coupling sites, three-element fibre
— four sites, etc.), which allows one to sum up pump powers
coupled at different sites and construct high-power fibre
lasers.

Another substantial advantage of MFC fibres over usual
double-clad fibres is their asymmetric cross section (Fig. 3).
Unlike double-clad fibres, in which, as a rule, a square (or
rectangular, hexagonal, D-shaped, etc.) cross section of the
first cladding is used to provide efficient absorption of light
in the fibre core [25], the cross section of signal and passive
fibres in MFC fibres can be circular. This substantially
simplifies fibre splicing itself and reduces splicing losses at
sites of splicing of the signal fibre with fibres with written
FBGs.

Therefore, the structure of MFC fibres is very promising
for various applications. In this paper, we report the
fabrication of Yb-, Er—Yb-, and Nd-doped fibre lasers
based on fibres of this type. In particular, we built Yb lasers
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Figure 3. Scheme of a laser based on a three-element first cladding fibre
(a) and photographs of the cross sections of two-element (a) and three-
element (c) first cladding fibres: (/) signal fibre; (2) passive fibre; (3)
common jacket (3a: cladding with lower refractive index; 3b: protective
jacket); (4) pump radiation; (5) splices of the signal fibre with fibre (6)
in which a FBG is written; ( 7) highly reflecting FBG; (8) FBG with the
reflectivity ~ 5%; (9) output laser radiation; (/0) laser radiation
transmitted through the highly reflecting FBG.

based on two- or three-element first cladding fibres emitting
in the region from 1057 to 1085 nm, Er— YD lasers based on
two-element first cladding fibres emitting at 1608 nm and
Nd lasers based on two-element first cladding fibres emitting
at 0.92 and 1.06 um.

3. Yb-doped fibre lasers
with the output power above 50 W

The two- and three-element first cladding laser fibres were
fabricated at the Fiber Optics Research Center, A.M.
Prokhorov Institute of General Physics, RAS in coopera-
tion with the Institute of Chemistry of High-Purity
Substances, RAS. One of the fibres of the MFC fibre
had a fused silica cladding doped with rare-earth elements.
Other fibres had no cladding and consisted completely of
pure Suprasil F-300 fused silica. Individual fibres were
assembled to the MFC fibre directly during fibre drawing.
The second cladding, which was common for all the fibres,
was made of a polymer with a lower refractive index and
provided the numerical aperture ~ 0.39 for radiation
propagating in the first cladding. The coupling length
between the passive fibre and the first cladding of the signal
fibre was about of 0.5 m.

Yb-doped fibre lasers were based on two- and three-
element first cladding fibres with an alumo- or phosphosi-
licate core [26]. The diameter of each silica fibre inside the
MEFC structure was 125 pm. The diameter of the signal fibre
core was from 4.4 to 11.5 um in different lasers. Pumping
was performed at ~ 978 nm by NewOptics pigtailed diode
modules emitting the line with the FWHM of ~ 6 nm. The
maximum power of each module at the output of the fibre
with the core diameter of 200 um and the numerical
aperture of 0.22 achieved ~ 35 W. Pump radiation was
coupled to passive fibres of the MFC structure through fibre
tapers providing matching between the apertures and
diameters of the fibres.

When the two-element first cladding fibre was used, the
laser had two sites for coupling pump radiation, in the case
of the three-element first cladding fibre, it had four coupling

sites. The laser resonator was formed by a pair of FBGs
with reflectivities ~ 100 % and ~ 5%. The widths of the
reflection spectrum of highly reflecting FBGs at the —10-dB
level were 0.8—3 nm. FBGs were written in the core of a
single-mode fibre. The resonator lengths were selected in
accordance with the absorption coefficient for pump radi-
ation and were in the range from 25 to 50 m. The laser
wavelength was in the range from 1057 to 1085 nm.

Despite the high reflectivity (~ 99.9 %) of the FBG at
one of the ends of the resonator, a considerable part of the
laser radiation power (10% and more) was transmitted
through the grating. This is explained by the fact that, due
to nonlinear effects and especially four-wave mixing, the
emission spectrum of the laser becomes broader than the
reflection spectrum of the FBG.

We measured the output characteristics of lasers with the
mode-field diameter D,y = 6.8 and 8.0 um. The depen-
dences of the laser output power and the power of radiation
transmitted through the highly reflecting FBG on the pump
power for lasers based on the three-element MFC fibre are
presented in Fig. 4. The laser resonator based on the fibre
with D = 6.8 pm was formed by the highly reflecting
FBG with the spectral width A4 ~ 1 nm and a perpendicu-
lar cleaved fibre (the reflectivity ~ 3.5%; denoted by A).
The fibre with Dy = 8.0 um was used in lasers with three
different resonators: the resonator formed by the 100 %
FBG with A4 ~ 1 nm and a perpendicular fibre end cleave
(B), the resonator formed by the 100% FBG with
AL~ 1nm and 5% FBG (C), and the resonator formed
by the 100 % FBG with A2~ 3 nm and 5% FBG (D).
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Figure 4. Dependences of the output laser power P, (open points) and
the radiation power Pygr transmitted through a highly reflecting FBG
(dark points) on the pump power P;, for different lasers based on a
three-element first cladding fibre; (A) laser with D,y = 6.8 um without a
FBG at the output fibre end-face; (B) laser with D, iy = 8.0 pm without a
FBG at the output fibre end-face; (C) laser with D ;g = 8.0 pum with a
5% FBG at the output fibre end-face; (D) laser with D,,q = 8.0 um with
a highly reflecting FBG with A2 ~ 3 nm and a 5% FBG at the output
fibre end-face.

One can see from Fig. 4 that the increase in the mode-
field diameter results in the decrease in the power of
radiation transmitted through the highly reflecting FBG.
The lost power also decreases when a FBG is present at the
output end of the resonator or a highly reflecting FBG with
a broader reflection spectrum is used. The maximum output
power achieved 60 W for the efficiency with respect to the
pump power equal to ~ 65 %.
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Figure 5 shows the normalised emission spectra of the
laser obtained for each of the schemes considered above.
One can see that, as the mode-field diameter increases and
the other parameters of the laser are changed, the power of
radiation transmitted through the FBG decreases and the
width of the emission spectrum narrows down. Except of the
above-mentioned broadening of the spectrum, we did not
observe in our experiments any manifestations of other
nonlinear effects such as SRS and SBS.
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Figure 5. Normalised emission spectra of Yb-doped fibre lasers based on
a three-element first cladding fibre (the A—D notation as in Fig. 4).

We estimated the influence of the output laser power on
highly reflecting FBGs by measuring the emission spectra of
the laser for different output powers (Fig. 6). The reflection
spectrum of the FBG shifted to the red with increasing the
output power. The maximum spectral shift was ~ 0.2 nm
for the output power of 57 W. In this case, ~ 6 W of
radiation was transmitted through the FBG. It is obvious
that the reflection spectrum shifted to the red due to FBG
heating by laser radiation. It was found out experimentally
that the shift of the reflection spectrum of the FBG by
0.2 nm corresponds to its heating by ~ 20°C.
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Figure 6. Normalised emission spectra of the Yb-doped fibre laser based
on a three-element first cladding fibre recorded behind a highly reflecting
FBG for different output powers of the laser (radiation power trans-
mitted through the FBG is indicated in the parentheses). The arrows
show the shifts of the reflection spectrum of the highly reflecting FBG.

4. Er*" — Yb>*"-doped fibre lasers

Although the Er’" ijons have the absorption band at
0.98 pm, it is difficult to pump efficiently through the first

cladding at this wavelength the fibre doped only with
erbium ions because, as a rule, it is impossible to dope the
fibre core with Er®* ions up to the concentration required
for the efficient absorption of pump radiation from the first
cladding by preserving simultaneously the acceptable
optical losses. Additional doping Er-doped fibres with
Yb*" ions considerably increases the absorption of pump
radiation from the first cladding (up to a few dB m™') by
preserving optical losses at a sufficiently low level (tens of
dB km ™). Upon such doping, the pump radiation is mainly
absorbed by Yb>" ions because they can be doped up to
concentrations an order of magnitude higher and their
absorption cross section at 0.975 um is 5—10 times higher
than that of the Er*" ions. The excited Yb™" ions transfer
their energy to Er’" ions at lasing transitions. Therefore,
fibres co-doped with Er®" and Yb*" ions are pumped as
Yb-doped fibre lasers.

The Yb — Er energy transfer efficiency depends on the
glass type (phosphosilicate, alumosilicate, etc.) and on the
absolute concentrations of the Yb*' and Er’®" ions. As a
rule, the energy transfer efficiency increases with decreasing
the distance between the active ions in a matrix. The output
power of the Er—Yb laser substantially depends on the time
of relaxation of Er*" ion from the 4111/2 level to the upper
1, /2 laser level, increasing at shorter relaxation times. In
turn, the relaxation time depends on the maximum energy of
phonons in a glass matrix, decreasing as the maximum
phonon energy increases. From this point of view, a
phosphosilicate glass matrix, in which the maximum pho-
non energy (~ 1330 cm™!) exceeds this energy for an
alumosilicate matrix by a factor of three, is more suitable
for high-power lasers.

We fabricated several lasers based on two-element MFC
fibres with the phosphosilicate core doped with Er®* and
Yb>" ions at different concentrations. The diameter of each
of the silica fibres inside the MFC structure was 125 pm.
The lasers were pumped by the same source as in case of Yb-
doped fibre lasers. The pump radiation was coupled only
from one side through a passive fibre toward the output
radiation. In some cases, to increase the absorption of the
pump power, the ends of the passive and active fibres of the
MFC structure from the side opposite to the pump coupling
were spliced with each other to provide the return of pump
radiation to the laser (Fig. 7). [This is equivalent to the use
of the output mirror reflecting pump radiation back to the
fibre in usual double-clad fibre lasers (see, for example, [27]);
in this case, a FBG is written in the double-clad fibre core.]
The scheme with the return of unabsorbed pump radiation
provides a more uniform absorption of the pump and,
hence, a more homogeneous distribution of excited ions
over the laser length compared to the case of a standard
double-clad fibre without a mirror returning pump radia-
tion.
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Figure 7. Scheme of a laser based on a two-element first cladding fibre
with returned pumped radiation.
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The resonator lengths were selected according to the
absorption coefficient for pump radiation and were from 7
to 25 m, while the resonators themselves were formed by a
1608-um highly reflecting FBG on the one side and a
perpendicular fibre cleave or a weakly reflecting FBG on
the other side.

The parasitic lasing and superluminescence of the Yb>*
ions were suppressed by minimising the feedback for
radiation different from the 1608-nm radiation. For this
purpose, to the fibre behind the highly reflecting FBG, a
fibre without a core was spliced whose end was immersed
into glycerol.

Figure 8 shows the output power of 1.6-um Er—Yb
lasers based on different fibres with the resonator length
L. =8 and 15 m as a function of the 0.97-pm pump power.
The mass concentration of Yb*" (Er®") ions in the lasers
with L, =8 and 15 m was 2.2 (1.0)% and 1.6 (0.3) %,
respectively. One can see that the efficiency of both lasers is
almost the same and is ~ 20 %. It seems that such a low
efficiency (lower by a factor of three than the quantum
efficiency) is caused by the presence of Yb*" jons in the fibre
core that do not transfer their energy to Er®" ions, which is
manifested in the appearance of superluminescence and, as
the pump power is increased, in lasing of Yb*" ions in the
range from 1.05 to 1.06 um despite the attempts to suppress
the feedback. The presence of a great amount of Yb*" ions
(estimated as 10 % — 50 %) that do not transfer their energy
to Er’" ions suggests that the fabrication technology of
fibres can be further improved to enhance the efficiency of
these lasers.
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Figure 8. Dependence of the 1608-nm output power on the 975-nm
pump power for two different Er—Yb-doped fibre lasers with the
resonator lengths L, = 8 and 15 m.

5. Nd-doped fibre lasers emitting
at 0.92 and 1.05 pm

Unlike previous papers, we used in this work the MFC
fibres to fabricate neodymium lasers emitting at 0.92 and
1.06 um. This makes it possible not only to increase the
pump power coupled to the laser but, due to the use of the
active fibre with a circular cross section, also to reduce
considerably splicing losses at splices of this fibre with fibres
in which FBGs were written, thereby increasing the lasing
efficiency. In addition, the use of the MFC fibre allows
pumping of the fibre from two sides (Fig. 3) or by turning
around pump radiation (Fig. 7). This provides a more
homogeneous distribution of the excited Nd>* ions over the

laser length, which results in the increase in the optimal
length of the laser and allows a greater absorption of the
pump power.

We fabricated efficient cw Nd-doped fibre lasers based
on two-element first-cladding fibres emitting at 0.92 and
1.06 um at room temperature. The 805-nm pump radiation
from two NewOptics diode modules was coupled from two
sides into a passive fibre. The resonator was formed by a
highly reflecting FBG written in a fibre, which was spliced to
the signal fibre, and by the perpendicular cleave of a single-
mode fibre spliced to the signal fibre from the other side.

5.1 Neodymium laser emitting in the range 0.92-0.93 pm

The signal fibre of the 0.92-um laser had a W-index core
with the index difference An™ =5 x 107 between the core
and silica cladding and the index difference An~ =
2.5x 107 between the depression region and silica clad-
ding (Fig. 9). The diameters of the core and depression
region were 6 and 13.5 pm, respectively, the diameter of
silica claddings of the signal and passive fibres was 82 pm.
The resonator length was 15 m. In this case, the coefficient
of absorption from the first cladding at 805 nm amounted
to 0.55dBm~'. An increase in the resonator length
resulted in a decrease in the lasing efficiency, whereas the
use of the resonator of length smaller than 15 m could lead
to the interaction between counterpropagating pump
radiations and, hence, to the damage of diode modules
because in this case a great part of the pump power is not
absorbed in the active fibre of the laser.
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Figure 9. Refractive index profile of an active fibre preform (on the
abscissa the radial coordinate of the preform is plotted, on the ordinate —
a change in the refractive index): (/) core region doped with Nd, Al, and
Ge oxides; (2) refractive-index depression region doped with fluorine;
(3) region of pure fused silica; (4) undoped core region.

The main difficulty in using a W-index fibre to obtain
lasing at 0.92 um is that along with the efficient suppression
of amplification at 1.06 pm it is necessary to preserve the
required levels of losses at 0.92 um, which is achieved by a
proper selection of the optimal radius of bending of the laser
fibre. To suppress additionally the gain at 1.06 um, the fibre
was coiled over a spool of radius 10 cm.

To increase the lasing efficiency at 930 nm, we per-
formed circular doping of the signal fibre core with
neodymium ions. Such a distribution of active ions results
in the suppression of the gain per unit length due to a
decrease in the overlap integral for the fundamental-field
mode and the distribution of active ions. At the same time,
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the number of neodymium ions per unit length is preserved,
so that the absorption coefficient for the pump from the first
cladding remains invariable, while the gain per unit length at
0.92 and 1.06 um decreases. In this case, to suppress lasing
at 1.06 um, a considerably lower level of induced losses per
unit length is required, which results in the reduction of the
introduced losses at the operating wavelength and allows the
use of a longer signal fibre, thereby increasing the absorp-
tion coefficient for the pump radiation over the active fibre
length.

A similar method of circular doping was used to obtain
oscillation at 0.975 pm in a single-mode ytterbium laser
pumped through the first cladding [28].

The threshold pump power for the 0.93-um neodymium
laser was 1 W, while the maximum output power achieved
2.2 W. The slope efficiency with respect to the pump power
was 22 %. The emission spectrum of the laser and its output
parameters are presented in Fig. 10. One can see that no
emission is observed at 1.06 um, which illustrates the
efficient gain suppression in this range.
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Figure 10. Emission spectrum of the Nd-doped fibre laser (a) and the
dependence of the 930-nm output power on the 805-nm pump power (b).

5.2 1.06-pm neodymium laser

To estimate the efficiency of laser diodes with the W-index
fibre, we fabricated the 1.06-um Nd-doped fibre lasers with
an approximately step-index fibre. Such fibres do not
introduce additional losses at the lasing wavelength. As an
active fibre for the laser on the 4F3/2 —4111/2 transition, we
used a two-element first cladding fibre with the following
parameters: the refractive index difference for the fibre core
and silica cladding was 9.7 x 107°, the core diameter was
7 um, and the diameter of the silica claddings of the passive
and active fibres was 80 um. The fibre length was 21 m and

was selected to provide the required absorption of pump
radiation (the maximum of the 805-nm absorption band
was ~ 1 dBm™!). The highly reflecting FBG had the
reflection band at 1.06 um. The lasing threshold was
~0.2W, and the maximum output power achieved
3.7 W. The slope efficiency of lasing at 1.06 um with
respect to the pump power was 38%. The emission spectra
for different pump powers and the output characteristic of
the laser are presented in Fig. 11. The efficiency of this laser
was higher approximately by a factor of 1.7 than that of the
0.93-um laser, which probably suggests that additional
losses exist at a wavelength of 0.93 pm in the laser based on
the W-index fibre and indicates to the possibility of
improving lasers of this type.
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Figure 11. Emission spectra of the Nd-doped fibre laser for different
pump powers (a) and the dependence of the 1060-nm output power on
the 805-nm pump power (b).

6. Conclusions

We have fabricated and studied single-mode Yb-, Er—Yb-,
and Nd-doped fibre lasers based on multi-element first
cladding fibres. The use of MFC fibres allows the
fabrication of efficient all-fibre lasers pumped simultane-
ously by a few sources, which is convenient for their
applications and makes it possible not only to increase the
output power but also to prevent the damage of diode
pump sources by the radiation of the fibre laser transmitted
through a highly reflecting FBG. The results obtained in the
paper show that MFC fibres are very promising for
applications in fibre optics.
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