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Abstract: The most important components for application in high-power all-fiber lasers and amplifiers
are, most of all, power combiners, but also mode field adaptors. This paper summarizes recent
achievements in the area of development and fabrication of high-power passive fiber components.
The principles of operation and basic design and fabrication criteria, which have to be taken into
account while designing the aforementioned components, are explained in detail. The most recent
impressive achievements are summarized and described.
Keywords: power combiner; mode field adaptor; taper; tapered fused bundle; passive fiber
component; all-fiber laser; all-fiber amplifier

1. Introduction
High-power fiber sources operating in the near- and mid-infrared spectral regions are very
attractive due to many possible applications, including free-space communications, light detection
and ranging (LiDAR) systems, range finding, remote sensing or micromachining [1–3]. In most
cases it is very beneficial to have all-fiber construction of lasers and amplifiers, in which all bulk
optics components (such as lenses, mirrors, or beam combiners) are replaced with passive fiber-based
components. All-fiber construction makes setups significantly less complex, more robust, and immune
to external factors, such as vibrations, contamination, or long-term thermal drifts of optomechanical
components [4]. In all-fiber configuration it is also easier to maintain high beam quality as the light
does not leave the waveguide (i.e., fiber core) during the amplification process. Driven by the needs of
existing and possible applications, the operating power of such sources can reach multi-kW power
levels. As a result, the design and fabrication of passive fiber components becomes more and more
challenging because they have to provide high coupling efficiency at very high power levels.
In order to achieve high output power in a fiber-based system a MOPA (Master Oscillator Power
Amplifier) configuration is often utilized. In MOPA, a low-power laser source (Master Oscillator)
is used to guarantee high beam quality and the required spectral parameters (e.g., tunability and
linewidth). Such a signal is then amplified by a cascade of amplifiers (usually two or three). In such
a configuration optical fibers (both passive and active) with different dimensions, mode-field diameters
and numerical apertures are typically used. The first amplifier stage frequently utilizes single-mode
single-clad (SM-SC) fibers providing output power of up to ~1 W. The signal for amplification and
pump light are launched together into the active core (gain medium) using commercially available,
off-the-shelf Wavelength Division Multiplexers (WDMs) couplers. The second amplifier stage can be
designed for medium-power amplification; a single-mode double-clad (SM-DC) active fiber is often
used. In this case, the amplified signal propagates inside the active core, whereas the pump power
is launched into the inner cladding with much larger cross-sectional area than the core. This allows
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using higher levels of pump power while maintaining reasonably low optical power density per unit
area [5]. Thanks to the use of SM-DC active fibers the signal can be amplified up to several watts.
The third amplifier stage is used when the output power above dozens watts is needed. This typically
requires using large mode area double clad (LMA-DC) fibers which can handle high-power signal
and pump light. With increased core diameter (typically up to between 20 and 50 µm) optical power
density is reduced which helps to mitigate nonlinear effects such as Stimulated Brillouin Scattering
(SBS). However, in order to achieve stable operation of an all-fiber MOPA system at multi-watt levels,
it is critical to use special components which enable combining signal and multiple pump sources and
connecting different types of fiber with high efficiency and low losses.
The development of DC active fibers was an important step that enabled further evolution
and output power scaling of the fiber lasers and amplifiers [6]. As a result, launching the pump
power (usually from multiple sources) into the inner cladding with minimal transmission losses
and at low-cost became critical part of MOPA systems. Over the years different pumping schemes,
including bulk optics, have been developed which can be divided into two categories: side-pumping
(through v-groove [7]) and end-pumping methods [8,9]. Pumping through the v-grove is complex.
It requires precise grinding-down of the outer clad, cutting the inner cladding to create the v-grove and,
in addition, the application of the bulk optics components-based optical setup (e.g., utilizing lenses).
This typically results in pump launching efficiency on a level of approximately 70%. An end-pumping
scheme is less complex and often provides pump launching efficiency above 90%. However, it also
requires using the optical setup (based on bulk optics components). Realization of these schemes is
quite challenging, because they require very precise mechanical and optical adjustment, making the
laser or amplifier setup very complex and sensitive to external factors (e.g., vibrations, contaminations,
and thermal drifts of optomechanical components) [10–13]. In both cases, schemes become even more
complex when there is more than one pump source and an additional signal source because the number
of bulk optics elements increases.
One can avoid bulk optics components by replacing them with passive fiber components.
Then, in a so-called all-fiber configuration, the system does not require periodic adjustments, is less
complex, more robust, and immune to external factors. Additionally, because the laser beam is not
leaving the fiber core, it is easier to maintain its high quality at the output. The most important
passive fiber component in the all-fiber laser and amplifier configuration is the power combiner. Power
combiners are used either to launch only pump power into the active fiber inner cladding, or to launch
both the pump and the signal simultaneously into the inner cladding and core of the active DC fiber,
respectively [4,13–17]. Whereas, in the case of connecting two fibers of different core size and mode
field diameter, one can use an MFA—mode field adaptor.
In this paper a review of passive fiber components i.e., power combiners and mode field adaptors.
Section 2 concentrates on the general description of principle of operation and their construction.
Section 3 is focuses on the basic processes used the for fabrication of passive fiber components
i.e., physical tapering and thermal core expansion, while Section 4 describes, in detail, the criteria
that should be taken into account during the design of those components. Section 5 summarizes
recent achievements in both the design and fabrication of power combiners and mode field adaptors.
The various approaches used by research teams in order to increase coupling efficiency, including our
own original results, are analyzed and described.
2. Passive Fiber Components—Power Combiners and Mode Field Adaptors
For the needs of all-fiber construction several power combiner schemes were developed, which can
be divided into side- and end-pumping methods [18]. Figure 1a,c represents the side-pumping scheme,
where, in both cases, the outer clad needs to be grinded down. In the distributed side coupling scheme
(Figure 1a) the pump fiber is fused to an active DC fiber on a long section allowing for pumping
the active fiber in forward and backward direction simultaneously [19,20]. The scheme presented in
Figure 1c represents conventional side-pumping method in an all-fiber construction approach [21–23].
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popular configuration in the case of pump and signal power combiner is (6 + 1) × 1.
an LMA type output fiber with an inner cladding diameter of minimum 250 µm are more common
This configuration, with a SM input signal fiber and 125 µm output fiber cladding diameter, is offered,
e.g., by Gooch & Housego or Laser Components with transmission efficiencies >90% for 980 nm
pump light and >85% for ~1550 nm signal light [29,30]. Commercially available power combiners
that utilize an LMA type output fiber with an inner cladding diameter of minimum 250 µm are more
common [30,31]. Signal combiners in the N × 1 configuration are available e.g., ITF Technologies offer
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3 × 1 configuration with power handling of 3 kW or 6 kW [32], and Laser Components offer 4 × 1 and
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where dr/dz describes the change of the radius (dr) on the length (dz). The beat length between the
fundamental mode and HOM is expressed by L B = 2π/( β 1 − β 2 ), where β1 and β2 are the propagation
constants of the fundamental mode (LP01 ) and the first HOM, respectively. The propagation constant
is expressed as β = ne f f 2π/λ (neff —effective refractive index and λ—wavelength). By inserting
Equation (4) into Equation (3) we get the adiabatic criterion for tapering single mode fibers:
dr
r
,
≤
dz
LB

(5)

Taking β2 , the propagation constant of the first HOM, which is the closest one to the propagation
constant of the fundamental mode (β1 ), the LB will be at maximum value and the adiabatic criterion
will be more strict. By fulfilling the above criterion the transmission loss in the tapered fiber should
be minimal [18]. For a linear taper profile the taper slope (dr/dz) will be constant on entire taper
length, thus it can be assumed that dz = L and dr = r1 − r2 , where r1 represents the core radius before
tapering, and r2 represents the core radius after tapering giving
r1 − r2
r
≤
,
L
LB

(6)

From Equation (6) we can calculate the minimum taper length fulfilling the adiabatic criterion.
In order to obtain the largest value of L one should take as a fiber core radius (r), radius after tapering
(i.e., r = r2 ). Additionally, the taper ratio can be written as TR = r1 /r2 , thus the adiabatic criterion
from Equation (6) can be finally reduced to
L ≥ ( TR − 1) L B ,

(7)

where L define the minimal taper length for which it will be adiabatic [18].
4.2. Brightness Ratio and Adiabatic Criterion for Multimode Fiber Tapering
During the fabrication of power combiners the tapering process also covers MM fibers with
a much larger core diameter in comparison with SM fibers, and with a much larger number of excited
modes, thus the adiabatic criterion from Equation (5) is not suitable for these kinds of fibers. In order
to avoid significant losses, the beam brightness, proportional to transmitted optical power, should be
preserved [14,41,46]. The brightness ratio (BR) parameter allows us to estimate the transmission loss
of the designed combiner, and it can be designated as follows:


N Aout
N Ain

2

≥

nPin
,
Pout

(8)

where n defines number of input pump fibers, NAin and NAout defines numerical apertures of input
fibers and output fiber, and Pin , Pout describes the cross sectional area of single input fiber and an
output fiber. After the appropriate transformations and change of the cross sectional areas into the
diameters of the considered fibers, the above criterion is transformed into the BR parameter [47]:
BR ≈

2 N A2
Dout
out
≥ 1,
2 N A2
nDin
in

(9)

where Dout and Din are the diameters of output and input fibers. If BR ≥ 1, then the beam brightness is
preserved, which means that the beam intensity launched into n pumping ports is equal to the intensity
of the beam at the combiner output. BR < 1 means a loss of the beam brightness (beam intensity at the
output is lower than at the input), which may be caused by, for example, the leaking of the beam from
the structure.
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Similar as in case of SM fibers, there is also adiabatic criterion for MM fibers; however, since in
that case we are dealing with much larger number of excited modes, we are assuming that the core
radius change should be sufficiently small regarding to the half ray period—ZP (Figure 4) [41].
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dr
r
,
≤
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ZP the optical axis of the fiber will have the

(10)

For a given
=
longest half ray period:
=2 ⁄
. In case of a linear taper shape ( = − and
= ) the
Foradiabatic
a givencriterion
N A = can
sinbe
(αtransformed
), a ray thatinto
passes
through
thewill
optical
axis
of the fiber
have the
an equation
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taper will
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which
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period:
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(
)
adiabatic criterion can be transformed into an≥equation
length for
= which
, will give the minimum taper(11)
which the taper will be adiabatic:

Another criterion whose fulfillment guarantees the MM fiber taper will be adiabatic, occurs
when the local angle Ω (defined by dr/dz
Figure
2(rin1 −
r2 ) 4) isDequal
− Dto2 or smaller than the half of the ray
L≥
= 1
,
angle α [18,41].

tan α

tan α

(11)
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In this section recent achievements in the designing and fabrication of mode field adaptors
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differentsignal
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processes.
achievements are presented in Table 1. The 7 × 1 configuration seems to be the most common
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2008/[57]
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An interesting approach for improving pump power transmission efficiency using a capillary
tube with refractive index matching the refractive index of the clad of the MM fiber was presented
in [51]. The capillary tube acts as a clad of MM fibers and helps to keep the radiation inside the
fiber bundle. This allows for the achieving of higher pump transmission efficiency compared to the
combiners in which the refractive index of the capillary tube matches the refractive index of the MM
fiber core. In this second case, the radiation leaks out from the fiber into the capillary causing additional
transmission losses.
Photonics critical
2018, 5, x FOR
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1) × 1 configuration is the most common configuration of pump and signal power combiner.
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fibers into the inner cladding of the output DC fiber, there is also a signal fiber, which tapering decreases
its initially small core diameter. This may result in its mode field mismatch with the output fiber, and
thus significant signal transmission losses. Many scientific reports presenting theoretical modeling
and fabrication of those kind of components can be found in the literature [58–63]. A (6 + 1) × 1
configuration is the most common configuration of pump and signal power combiner. However, as in
the case of pump power combiners, in this type of power combiner different configurations with
a lower or higher number of pump ports can be found in the literature. The dimensions and number
of input fibers must be arranged in a way that the signal feed-through fiber is placed in the center
surrounded by pump fibers. Some recently presented fabricated pump and signal power combiners
are shown in Table 2.
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process on the signal fiber is guaranteed.
fabrication process on the signal fiber is guaranteed.
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power combiner
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Figure 6.
Scheme
of the
adapted
from
a paper
[64]
(a)the
and
the cross
sectional area of (5 + 1) × 1 power combiner adapted from our previous work [65] (b).
sectional area of (5 + 1) × 1 power combiner adapted from our previous work [65] (b).

More often than not power combiners are fabricated in an end-pumping scheme by a TFB
technology. As it can be seen in Table 2, power combiners with output DC fibers diameter of below
200 µm are not very common. This is because they require high TR, which makes it very difficult to
preserve high pump power and signal coupling efficiency due to the loss in beam brightness and
MFD mismatch of signal input fiber with output fibers. In our previous work [65], a power combiner
in an (5 + 1) × 1 configuration is presented with an output SM DC passive fiber with inner cladding
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More often than not power combiners are fabricated in an end-pumping scheme by a TFB
technology. As it can be seen in Table 2, power combiners with output DC fibers diameter of below
200 µm are not very common. This is because they require high TR, which makes it very difficult to
preserve high pump power and signal coupling efficiency due to the loss in beam brightness and MFD
mismatch of signal input fiber with output fibers. In our previous work [65], a power combiner in
an (5 + 1) × 1 configuration is presented with an output SM DC passive fiber with inner cladding
diameter of only 125 µm. To improve signal transmission efficiency we have used five pump fibers
(instead of six) and signal feed-through fiber with lower clad diameter of 80 µm than commonly used
125 µm Photonics
(Figure2018,
6b).
This allowed us to decrease the TR and achieve signal transmission10on
the level
5, x FOR PEER REVIEW
of 17
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the
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SMF28e fiber is used as a feed-through fiber and the signal transmission efficiency was improved
pump power
transmission
efficiency
of 94%.
In thisIncase,
the[16],
custom-made
usedand
for power
from 51%
to 94% thanks
to the TEC
technique.
a paper
the authors fixture
reportedwas
a signal
combiner
fabrication,
and the authors
pointed
the fabrication
process
maywas
include
etching of
pump
power transmission
efficiency
of 94%.out
In that
this case,
the custom-made
fixture
used for
power
combiner fabrication,
the authors
pointed
that the
fibers, thus
decreasing
their clad and
diameter
without
anyout
impact
on fabrication
their core.process may include
etching interesting
of fibers, thusapproach
decreasing their
clad diameter
impact on their
core.
Another
to achieve
high without
signal any
transmission
efficiency
is presented in
Another interesting approach to achieve high signal transmission efficiency is presented in
paper [67]. With vanishing core technology the authors developed a polarization maintaining
paper [67]. With vanishing core technology the authors developed a polarization maintaining (6 + 1)
(6 + 1) ×× 11 power
combiner with a signal and pump power transmission efficiency of 91% and 98%,
power combiner with a signal and pump power transmission efficiency of 91% and 98%,
respectively.
In
this
before
thethetapering
theinitial
initial
mode
is determined
respectively. Inmethod
this method
before
tapering process
process the
mode
fieldfield
is determined
by the by the
refractive
index index
difference
of nof
the
core)and
and
secondary
core)
as it was
refractive
difference
n1 (of
the“vanishing”
“vanishing” core)
n2 n(of
the the
secondary
core) as
it was
1 (of
2 (of
explained
the authors
[67] (Figure
After
tapering,
thecentral
central core
core is too
too small
the
explained
by the by
authors
[67] (Figure
7a). 7a).
After
tapering,
the
smalltotoguide
guide
the light,
light,
thus
we
may
assume
that
it
vanished.
Therefore,
at
the
taper
output
the
mode
field
is
thus we may assume that it vanished. Therefore, at the taper output the mode field is determined by
determined by the refractive index difference of the second and third layers (n2 and n3, respectively).
the refractive index difference of the second and third layers (n2 and n3 , respectively). In order to use
In order to use this method a special signal fiber with an additional layer of the secondary core must
this method
a special signal fiber with an additional layer of the secondary core must be used.
be used.

Figure
7. Cross-section
of the
refractive
indexprofile
profile along
fiber
taper
with with
the vanishing
core
Figure 7.
Cross-section
of the
refractive
index
alonga asignal
signal
fiber
taper
the vanishing
core
technology
adapted
a paper
stagesof
of (6
(6 +
+ 1)
fabrication
process
adaptedadapted
technology
adapted
fromfrom
a paper
[67][67]
(a);(a);stages
1)××1 combiner
1 combiner
fabrication
process
from a paper [68]: cross-section of MM fiber bundle (left), 1st splicing step (upper right) and 2nd
from a paper
[68]: cross-section of MM fiber bundle (left), 1st splicing step (upper right) and 2nd
splicing step (bottom right) (b).
splicing step (bottom right) (b).

High signal and pump transmission of more than 97% and 98%, respectively, was achieved in a

High
signal
andsame
pump
transmission
than
andand
98%,
respectively,
was
paper
[68]; the
signal
fiber was usedof
in more
the input
fiber97%
bundle
at the
output of the (6
+ 1)achieved
×
in a paper
[68]; the
same
fiber was
used was
in the
inputdue
fiber
bundle
and
at the
output
1 combiner.
Such
highsignal
transmission
efficiency
possible
to the
reduced
input
signal
fiber of the
by the Such
chemical
corrosion
and two-step
splicing
Thedue
fabrication
process differs
(6 + 1) ×cladding
1 combiner.
high
transmission
efficiency
wasmethod.
possible
to the reduced
input signal
from
that
previously
presented.
At
first
six
pump
fibers
were
placed
in
the
capillary
tube
and differs
fiber cladding by the chemical corrosion and two-step splicing method. The fabrication process
contacted with its wall forming a ring shape. Then, the bundle was tapered down creating an
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the bundle was spliced with the output fiber (Figure 7b, upper right image) and then the rest of the
bundle—pump fibers were moved to the output fiber and carefully fused and spliced (Figure 7b,
bottom right image).
In a paper [69] a (6 + 1) × 1 power combiner was designed in a way that the input fiber bundle
diameter is only slightly larger than the output fiber diameter. Authors have used home-made signal

Photonics 2018, 5, 38

11 of 17

to less than 100 µm by chemical corrosion. Then the signal fiber was inserted into the hole of previously
prepared bundle. Two-step splicing meant that, at first, the signal fiber from the bundle was spliced
with the output fiber (Figure 7b, upper right image) and then the rest of the bundle—pump fibers were
moved to the output fiber and carefully fused and spliced (Figure 7b, bottom right image).
In a paper [69] a (6 + 1) × 1 power combiner was designed in a way that the input fiber bundle
diameter is only slightly larger than the output fiber diameter. Authors have used home-made signal
fibers at the input and output with core/clad diameter of 30/220 µm and 30/600 µm, respectively.
In their design, signal fibers have the same core diameter, and the combiner fabrication only requires
fusing of the input fiber bundle, without the tapering, resulting in a small change of the input signal
fiber core and very high signal transmission efficiency.
Another unconventional (8 + 1) × 1 configuration was presented in [72]. Just like in the case of
power combiners with an output DC fiber diameter of 400 µm and above, very high signal transmission
efficiency was achieved; however, the signal and output fibers were characterized with a very large
core diameter of 100 µm. The fabrication process developed by the authors is slightly similar as in
a paper [68]. Here, eight pump fibers are arranged in a ring configuration by holding clamps and
a pretaper process is performed on them, reducing the diameter of each MM fiber from 125 to 100 µm.
Then, the input signal fiber is inserted into the middle of the pretapered bundle, pump fibers are
slightly twisted around the signal fiber for better attachment, and then the whole structure is fused,
cleaved, and spliced to the output fiber. As it was described in this case, as well as in the papers [16,68],
the input signal fiber is not tapered down, but it is inserted into the properly prepared input fiber
bundle and/or its decreased clad diameter is achieved by chemical etching, resulting in very high
signal transmission efficiency.
Another interesting approach applies a built-in mode field adaptor [14,60,61]. Such a solution
was chosen by authors of a work [70] however, an intermediate fiber was not used. Here the input
fiber bundle and the output DC fiber were both tapered down in order to match their mode fields.
Then they were spliced, resulting in a transmission efficiency above 87% and 98% of the signal and
pump power, respectively.
5.3. Signal Power Combiners
Currently the output power of fiber lasers have reached the kilowatt (kW) level however,
phenomena such as thermal damage, nonlinear effects and modal instabilities limit the power level at
the output of a single fiber laser. An interesting and relatively simple solution uses a beam combining
technique by merging the output power of several hundred watts (from several lasers) into one large
core delivery fiber [26,50–79]. Incoherent beam-combining based on fiber technology is particularly
interesting because it allows preserving all the advantages of the all-fiber laser construction technique.
Recently presented signal power combiner are shown in Table 3.
Table 3. Summary of recently reported signal power combiners [80–83].
Config.

Input Fibers,
Core/Clad NA

Output Fiber,
Core NA

Signal Transmission Efficiency, M2 ,
Power Handling

Year/Ref.

7×1

SM 17/125 µm,
NA = -

MM 100/660 µm,
NA = 0.22

94.7%, M2 = 6.5, 2.5 kW

2011/[80]

3×1

30/125 µm,
NA = 0.08/0.46

100/360 µm,
NA = 0.2

>96%, M2 = 1.2/1.3, >200 W

2015/[81]

7×1

20/130 µm,
NA = 0.08/0.46

50/70/360 µm,
NA = 0.22

98%, M2 = 4.3, 6.26 kW

2016/[82]

7×1

20/400 µm,
NA = 0.06

50/70/360 µm,
NA = 0.22

>98.5%, M2 = 5.37, >10 kW

2018/[83]
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LMA type fibers are typically used as input fibers in signal power combiners. As an example of
such configuration a 7 × 1 signal power combiner capable of handling a 2.5 kW signal power with
M2 = 6.5 was presented in paper [80]. Another7 × 1 power combiner presented in [82], shows the
development and transmission efficiency scaling of combiners presented by the same research group
in papers [76,84]. In a combiner reported in [84], the output fiber had a 100 µm core diameter, resulting
in signal transmission on the level of ~99%, M2 ≈ 10 and measured power handling of about 500 W.
In a paper [76] the output fiber core diameter was 2-fold smaller (50 µm), and the signal transmission
efficiency was at the same level as previously however, the M2 factor was improved (M2 = 6.0/6.3).
In all the above-presented and discussed signal power combiners by this research group the same
signal fibers were used as inputs: 20/130 µm (NA = 0.08/0.46) [76,82,84]. With smaller output fiber
core diameter they were able to achieve ~99% signal transmission efficiency with M2 = 6.0/6.3 [76],
and later [82] 98% signal transmission efficiency with improved M2 = 4.3 and measured power handling
of 6.26 kW. In these papers a fluorine-doped low-index capillary was used, forming with input fibers
a structure with seven cores and a cladding created by low-index capillary tube. In a recent report [83]
a 7 × 1 power combiner achieved power handling of above 10 kW with measured M2 = 5.37 (at 14 kW
of the output power). In this case the authors used input fibers with much larger cladding diameter
(400 µm); this diameter can be decreased by chemical etching. The signal power combiner fabricated in
3 × 1 configuration presented in [81] was used to incoherently combine a supercontinuum source with
power above 200 W. Because photonic crystal fibers have unique features which classical fibers do not
have (e.g., high birefringence, larger single-mode areas, extremely low/high nonlinearity, and, in the
case of hollow-core PCF, high damage threshold), therefore it is profitable to use PCF in components
operating at high-power kW regimes; some theoretical and experimental achievements in this field
have already been reported [85–87].
5.4. Mode Field Adaptors
Mode field adaptors are not that complicated in fabrication as power combiners however, they are
equally important in all-fiber MOPA configurations. A MFA may even be considered as a splice
between two fibers with slightly different mode field diameters. Typically, they are fabricated just like
power combiners by tapering or TEC method or the combination of both [88–91] however, there are
other solutions like mode field adaptors based on multimode interference in graded index multimode
fiber (GIMF) [92,93].
In most cases presented in Table 4 the authors have used, not only the TEC method, but they
have combined it with the tapering process. Using each method separately will not give a mode
field match as precise as they can achieve when combined together [91]. This is why the authors of
a paper [91] were able to achieve approximately 95% signal transmission efficiency, despite a very
large core and mode field diameter difference of used fibers. Two configurations of MFA, where at
the input the authors have used firstly a 4/125 µm SM fiber, and secondly a 5/125 µm SM fiber,
while a 15/130 µm LMA fiber was used as the output (in both cases) [94]. The MFAs achieved signal
transmission efficiency of approximately 93% and 91%, respectively, with only the TEC method used
for fabrication process. The same research group presented two MFAs with the same input fibers [95];
however, as an output fiber they have used a 25/250 µm LMA fiber with a larger MFD than in the
previous case. Here the LMA fiber has MFD = 21.5 µm, while in the previous work the LMA fiber had
MFD = 13.6 µm. This means much larger mode field mismatch with the input fiber, thus authors have
used here TEC method combined with the tapering, which allowed to achieve signal transmission
efficiency on level of >90%. In our most recent work, reported recently [96], two types of MFAs are
mentioned. The first one connects two types of double clad LMA fibers, thus it guide both the signal
and pump power with an efficiency of 92%. In the case of this MFA we have used only tapering in
the fabrication process; however, in the case of the second MFA, we combined tapering with the TEC
method. It was necessary to use both methods because of the large mode field mismatch of used fibers.
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Table 4. Summary of recently reported mode field adaptors [91,94–96].
Input Fiber, Core NA

Output Fiber, Core NA

Signal Transmission Efficiency

Year/Ref.

5.3/125 µm, NA = 0.14, (Corning Hi1060)
4/125 µm, NA = 0.2, (HI1060FLEX)
5/125 µm, NA = 0.14, (HI1060)
4/125 µm, NA = 0.2, (HI1060FLEX)
5/125 µm, NA = 0.14, (HI1060)
20/200 µm, NA = 0.08
8.2/125 µm, NA = 0.14

20/400 µm, NA = 0.06
15/130 µm, NA = 0.08
15/130 µm, NA = 0.08
25/250 µm, NA = 0.06
25/250 µm, NA = 0.06
25/300 µm, NA = 0.09
20/130 µm, NA = 0.08

~95%
~93%
~91%
>90%
~90%
92%
90%

2007/[91]
2013/[94]
2014/[95]
2018/[96]

6. Summary
In conclusion, passive fiber components (i.e., power combiners and mode field adaptors) are key
components in a very beneficial all-fiber configuration of laser and amplifier setups. Their precise
design and fabrication is very important for achieving low-loss transmission, which will allow the
constructing of highly efficient and reliable fiber setups of lasers or amplifiers operating in high power
regime. Two main fabrication processes (tapering and thermal core expansion) and their impact on
the optical fiber have been described. Basic adiabatic criteria and brightness ratio parameters have
been explained in detail. The most important and impressive achievements in the field of design and
fabrication of passive fiber components to be discovered recently, like power combiners and mode
field adaptors, have been summarized and described. As it can be seen, many research teams are still
developing designs as well as fabrication processes (basing on tapering and TEC process) in order to
achieve high coupling efficiency of customized components.
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