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Abstract
The immediate priorities for high-power delivery employing solid-core fibers are balancing the nonlinear effect and
beam deterioration. Here, the scheme of tapered multimode fiber is experimentally realized. The tapered multimode
fiber, featuring a 15 m (24/200 μm)–10 m (tapered region)–80 m (48/400 μm) profile, guides the laser with a weakly
coupled condition. With the input power of 1035 W, the maximum output power over the 105 m delivery is 962 W,
corresponding to a high efficiency of over 93% and a nonlinear suppression ratio of over 50 dB. Mode resolving results
show high-order-mode contents of less than –30 dB in the whole delivery path, resulting in a high-fidelity delivery with
M2 factors of 1.20 and 1.23 for the input and output lasers, respectively. Furthermore, the ultimate limits of delivery
lengths for solid-core weakly coupled fibers are discussed. This work provides a valuable reference to reconsider the
future boom of high-power laser delivery based on solid-core fibers.
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1. Introduction

High-power single-mode laser delivery has become a
renewed interest recently[1–4], due to its potential applications
in extreme manufacturing, precise welding and the defense
industry[5]. Solid-core delivery fibers offer a brilliant
solution for high-power delivery, and this success is driven
by the integrated compact for flexible operation and robust
laser confinement. At present, many scenarios spawn a
compound demand for high-power, single-mode and long-
distance delivery; for instance, the application of precise
welding needs a single-mode beam to promote working
efficiency and simultaneously a long-distance delivery to
expand the processing range.

The existing solid-core fiber-based laser delivery system
has a technical bottleneck in that the power, beam quality
and nonlinear threshold cannot be balanced. For single-
mode lasers operating at several kilowatts, the main obsta-
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cles impeding long-distance delivery are nonlinear effects
and beam quality degradation. For industrial fiber lasers
with a broadband spectrum, the dominant nonlinear effect
is stimulated Raman scattering (SRS)[6,7]. To increase the
delivery distance, extended-mode-area (EMA) fibers with
enhanced nonlinear thresholds are needed. However, mul-
timode operation in the large core diameter accelerates the
degradation of beam quality in the whole delivery path.
Although the research in single-mode laser sources has
pushed the power record to the order of several kilowatts[8]

and even 10 kW[9], the results with a long-distance single-
mode delivery over more than tens of meters[4,10] are far
behind, which severely limits the performance of laser beams
reaching the workbench. To handle this bottleneck, the key
is seeking a bilateral solution for preserving high-fidelity
transmission and improving the nonlinear threshold.

An effective strategy is developing special fibers with
increased high-order-mode (HOM) losses, which has led to
multiple fiber designs[11–13], including modified clad pro-
files or microstructure fibers. A variety of designs, such as
single-trench fiber[14,15], chirally coupled-core fiber[16] and
all-solid photonic bandgap fiber[17], have seen stages of
success in surpassing conventional fibers. A higher HOM
loss extends the possibility of enlarging the core diameter,
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yielding a robust single-mode operation and a higher power
scalability. However, it is a general fact that these special
fibers suffer from more complex preparation processes, more
stringent manufacturing tolerances and limited practicality
for integration. Owing to the greater bending sensitivity, the
future boom for them is more likely to obtain gain fibers
with moderate lengths rather than long-distance delivery
fibers. Hence, more efforts should be afforded to facilitate
their applications, especially compact integrations with con-
ventional fibers[18]. Recent research has demonstrated the
integration potential of a solid-core microstructure fiber with
a conventional fiber, which enables a 10 kW laser delivery of
over 30 m[19].

Recently, hollow-core fiber (HCF) has become a rising
star in the field of single-mode and long-distance deliv-
ery[1,3,20,21]. HCFs offer the unprecedented advantages of low
nonlinearity, an excellent single-mode property and a high
damage threshold, which makes them a highly attractive
option for the long-distance delivery of high-brightness laser
beams. Moreover, the loss record of HCFs has refreshed
rapidly in recent years, and the latest records achieved by
HCFs present comparable loss values to those of conven-
tional fibers covering broadband spectrum regions[22,23]. Up
to now, the record-breaking delivery length has been con-
firmed in multiple wavebands, ranging from the conventional
1 μm waveband (1000 m)[1] to the mid-infrared (108 m)[24]

and visible (300 m)[25] regions. These results simultaneously
validate the power handling capacity of HCFs above kilo-
watts for both continuous and pulsed laser regimes. HCFs
create an air-based environment to facilitate the nonlinear-
effect-free delivery of high-power lasers, and future attempts
should be focused on realizing compact and highly efficient
integrations with the current laser systems. However, all of
the high-power delivery results have been achieved based
on spatially coupled architectures currently, which suffer
from thermally induced focusing shifts at different power
levels. Hence, the stability is limited, and discontinuous
adjustments are required during the power scaling process.

Another strategy is controlling the mode coupling in con-
ventional fibers while enlarging the core diameters, which
gives rise to the weakly coupled fiber[26]. With the weakly
coupled condition, fiber modes propagate along the long-
distance path with high fidelity, and the adjacent modes have
negligible mode coupling coefficients. The mode coupling
between the fundamental mode and the HOMs obeys the
field coupling equation, in which the phase matching condi-
tion is strongly correlated to the propagation constant (β) dif-
ference. In other words, a weakly coupled condition, repre-
sented by a large β difference, means a large index difference
�neff between adjacent modes. Therefore, the high-fidelity
delivery of conventional fiber should consider a tradeoff
between the maximum core diameter and the numerical aper-
ture (NA)[4]. The investigations of weakly coupled fiber date
back to 1998, in which Fermann[27] reported the preservation

of the fundamental mode with a core diameter of 45 μm
and emphasized the beneficial effect of a larger cladding
diameter. Since then, high beam quality outputs have been
experimentally demonstrated in 100–400 μm core diame-
ters[28,29]. The remarkable advances in 2014 and 2019 showed
great examples in balancing the core diameter and NA for
weakly coupled delivery, resulting in an 800 W, 100 m
delivery in the 30 μm fiber and a 1000 W, 100 m delivery
in the 60 μm fiber. In these investigations, a key procedure is
the dominated excitation of the fundamental mode, for exam-
ple, employing a cascade mode field adapter[4]. However, as
a type of fiber device, the mode field adapter has limited
power handling ability and suffers from inescapable mode
degradation due to intrinsic defects during fabrication[30,31].

The immediate priorities are looking for solutions for the
two key issues: (1) how to improve the nonlinear threshold of
long-distance delivery and (2) how to achieve high-fidelity
delivery by optimizing the launching condition and prevent-
ing transmission deterioration. In this work, the solution of
tapered multimode fiber is proposed. We attempt to push
the delivery of kilowatt-level, single-mode lasers to over
100 m based on a monolithic, solid-core, weakly coupled and
tapered multimode fiber, featuring a high-fidelity delivery
without beam quality deterioration. In Section 2, the design
principle of the multimode tapered fiber and the fabrica-
tion results are presented. In Section 3, the high-fidelity
delivery of a kilowatt-level single-mode laser is experimen-
tally demonstrated. The results show a high transmission
efficiency of over 93%, a high signal-to-SRS ratio of over
50 dB and a high-fidelity delivery with negligible beam
degradation. In Section 4, the ultimate limits of delivery
length for the single-mode laser with different powers are
discussed for reference.

2. Weakly coupled fiber and fiber fabrication

The high-fidelity transmission of a single-mode laser means
that the fundamental mode remains isolated from the HOMs,
preventing possible energy exchange between them. In an
ideal multimode fiber, the eigenmodes are intrinsically
orthogonal and propagate through independent channels.
Nevertheless, unexpected perturbations within actual fibers,
such as slight fluctuations in the refractive index or geometric
dimensions, and bending distortion, can impact the mode
isolation. In this way, owing to the uniform perturbation of
the local dielectric constant, the fundamental mode and the
HOMs are easily coupled to each other over a long-distance
delivery. The strength of mode coupling between modes
is determined by the phase matching condition, which is
related to the propagation constant difference of modes.
Generally, the strength of mode coupling between adjacent
modes is dominant, and a larger mode spacing results in a
decreased mode coupling. Hence, the key issue for the high-
fidelity delivery of single-mode lasers is increasing the mode
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spacing between the fundamental mode and the LP11 mode.
The coupled mode equations for the two modes are written
as follows[32]:{

dA1
dz = iK11A1 + iK12A2 exp[i(β2 −β1)z],

dA2
dz = iK22A2 + iK21A1 exp[i(β1 −β2)z],

(1)

where A1 and A2 are the amplitudes of two modes, β1 and
β2 are the propagation constants of two modes and the
coupling efficiencies K12 and K21 obey the symmetry relation
K12 = K21.

According to the coupled mode equations, a phase match-
ing condition should be fulfilled to allow sufficient mode
coupling. This means that the strength of mode coupling
could be reduced by enlarging the propagation constant
difference �β or effective index difference �neff between
modes. Therefore, one can conclude that it might be appro-
priate to employ weakly coupled multimode fibers with a
high effective index difference instead of single-mode fibers
to transport a single-mode beam. From the birefringence
of commercially available polarization-maintaining fibers,
it can be deduced that the polarization mode coupling is
efficiently suppressed when the effective index difference
�neff between adjacent modes is larger than 5×10–4. Further-
more, Fini[33] and Fini and Ramachandran[34] stated that the
reference value to meet the weakly coupled condition could
be limited to the target as follows:

�neff > 1×10−4. (2)

To achieve the weakly coupled condition, both a large
refractive index contrast between the core and the cladding
and a small core diameter are needed[35]. However, a small
core diameter reduces the effective mode area, which accel-
erates the nonlinearities for long-distance delivery. Here, a
tradeoff among the core diameter, NA and �neff between
the fundamental mode and the LP11 mode is calculated.
According to the results in Figure 1(a), the �neff shows
an inverse proportional relationship with the core diame-
ter. A higher value of NA induces a larger �neff, corre-
sponding to a better weakly coupled condition. However,
for core diameters above 40 μm, the �neff and NA have
less correlation for a fixed core diameter. This phenomenon
restricts further scaling of the core diameter to satisfy the
weakly coupled condition even with a large NA value.
Based on the principle defined in Equation (2), the max-
imum core diameter obeying the weakly coupled condi-
tion is confined to around 50–60 μm. This principle will
guide the design of the tapered multimode fiber drawn in
this work.

Subsequently, the tapered multimode fiber is drawn adia-
batically by using the fiber drawing tower, and the measured
fiber dimension profile along the longitudinal direction is as
plotted in Figure 1(b). As shown in Figure 2(a), the core/clad

dimensions at the thin and thick ends are nearly 24/200 and
48/400 μm, respectively. The effective mode areas at the
thin and thick ends are calculated to be 347 and 1089 μm2,
respectively. The total fiber length is 105 m, comprising a
thick region of 80 m, a tapered region of 10 m and a thin
region of 15 m. The measured refractive index profile is
shown in Figure 2(b), and the NA is approximately 0.06. The
cut-back test indicates a core attenuation of approximately
3.5 dB/km at the signal wavelength (1080 nm), which guar-
antees a relatively high efficiency (>90%) for the delivery
application of over 100 m.

The profile of the tapered fiber is designed by consid-
ering the balance among the weakly coupled condition,
mode matching with the laser source and the nonlinear
suppression. At the thin end, the mode matching between the
tapered fiber and the output fiber of the laser source should
be considered. The core/cladding ratio of the tapered fiber
results in a few possible specifications for the thin end, for
example, 20/167, 24/200 or 30/250 μm. The output fiber of
the laser source has the dimension of 20/250 μm. Hence,
compared with 30/250 μm, the dimension of 24/200 μm is
more favorable to achieve mode matching with the output
fiber of the laser source. To prevent mode degradation over
a long delivery path, the maximum core diameter at the
thick end should obey the weakly coupled condition. Based
on the principle defined by �neff > 1×10–4, the maximum
core diameter obeying the weakly coupled condition is
confined to around 50–60 μm. For a moderate and secure
consideration, the core diameter at the thick end is limited
to below 50 μm, which is a moderate value to realize a
large mode area and high-fidelity transmission. Therefore,
based on these considerations, the profiles of 24/200 and
48/400 μm are selected finally.

Through the repeat fiber drawing experiments, the opti-
mized interval from nearly 8 to 12 m for achieving a uni-
formly shrinkable taper is found. Hence, a moderate length
of 10 m for the tapered region is selected for achieving a
uniformly shrinkable taper (from 48/400 to 24/200 μm),
which is vital for mode preservation. To enhance the non-
linear threshold, the thick end should dominate the entire
length of the tapered delivery fiber. In addition, to reach
the goal of high-power laser delivery over 100 m, the total
length of the thin and thick ends should be longer than 90 m
(considering the taper length of 10 m). Hence, the ultimate
design determines the respective lengths of the thin and thick
ends. There are a few optional schemes, for instance, (i) 5 m
(thin end) and 90 m (thick end), (ii) 10 m (thin end) and 85 m
(thick end), (iii) 15 m (thin end) and 80 m (thick end). It is a
clear fact that the effective mode area of the tapered fiber
increases gradually from scheme (i) to (iii), which means
stronger SRS suppression. Therefore, if scheme (iii) can
realize a high-quality (signal-to-SRS ratio of over 50 dB)
delivery over 100 m, schemes (i) and (ii) will undoubtedly
be even better.
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Figure 1. (a) Calculated results of effective index differences with different fiber parameters. (b) Measured fiber dimension profile of the tapered multimode
fiber.

Figure 2. Geometric and refractive descriptions of the tapered fiber: (a) geometric dimensions at both ends; (b) measured refractive index profile.

3. Experimental results and simulations

The experimental setup for high-power delivery is shown in
Figure 3(a), in which a monolithic fiber oscillator with an
output power of over 1 kW and a 20/250 μm output fiber
is employed as the laser source. This source operates at a
signal wavelength of 1080 nm and has pure spectra at the
whole power trace, that is, no SRS effect is observed. The

20/250 μm output fiber is optimally spliced with the thin
end (i.e., 24/200 μm) of the tapered multimode fiber; the
splicing optimization is taken from Ref. [36]. After splicing,
the excited HOM contents in the whole delivery path are
measured to be below –30 dB (the result will be presented
in Figure 7), which ensures a high-fidelity delivery of the
emitted laser beam from the 20/250 μm output fiber to the
whole delivery path. To avoid unexpected mode coupling
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Figure 3. (a) Experimental setup for high-power delivery. (b) Relationship between the input and output power, and the total transmission efficiency.

Figure 4. (a) Recorded spectra at different output powers. (b) Beam quality M2 factors of the input and output laser.

induced by macro-bending, the tapered multimode fiber is
loosely coiled with a 60 cm diameter. At the output end,
a power meter, an optical spectrum analyzer and a beam
quality analyzer are used for the laser beam characterization.
The main power of the laser beam is transferred to the power
meter through a high-transmittance (HT) mirror, and the
sampled beam is directed by a high-reflectivity (HR) mirror.
The trace of output power is plotted in Figure 3(b), which
presents a linear correlation between the input and output
power. The maximum output power is 962 W when the input
laser is 1035 W. In the whole power trace, the transmission
efficiency keeps a stable value of nearly 93%. This efficiency
is mainly limited by the attenuation of the optical fiber, which
could be further improved by increasing the NA.

The recorded spectra at different output powers are illus-
trated in Figure 4(a). At the highest output power, the
signal-to-SRS ratio is over 50 dB, demonstrating the ideal
suppression of the nonlinear effect after the whole delivery
path of 105 m. To evaluate the mode fidelity after delivery,
the beam quality M2 factors of the input and output laser are
recorded for comparison, as shown in Figure 4(b). The input

M2 factor represents the beam quality of the laser source
emitted from the 20/250 μm output fiber. As can be seen,
the input and output M2 factors remain at stable values of
nearly 1.20 and 1.23, respectively, indicating superior mode
fidelity in the whole delivery path. The current results feature
almost negligible beam quality degradation and demonstrate
the excellent structure of the tapered fiber profile for mode
preservation. The high-fidelity delivery reported here should
be attributed to the following factors: (i) the optimum mode
launching at the splicing point of the 20/250 μm output fiber
and the thin end of the tapered fiber; (ii) the weakly coupled
mechanism of the tapered multimode fiber by balancing the
core diameter and NA; (iii) the excellent taper profile formed
by fiber drawing.

The signal-to-SRS ratio for high-power delivery is deter-
mined by both the signal power and the initial Raman noise
of the injected laser. In this experiment, although the laser
source has an SRS-free spectrum at the highest power, the
initial Raman noise is unknown. The SRS peak at the highest
power in Figure 4(a) may be caused by high Raman noise
at the input end. Note that spontaneous Raman noise varies
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Figure 5. The evolutions of (a) signal and (b) Stokes power versus the injected Raman noise, and (c) the corresponding signal-to-SRS ratios in uniform
fibers or the tapered fiber.

with the characteristics of different light sources; hence, the
ultimate limit of high-power single-mode delivery should be
considered dialectically. Since there is no effective method
to detect the spontaneous Raman noise of the laser source at
present, we try to explain the SRS dynamics in Figure 4(a)
by further simulation. Three fiber configurations, namely the
uniform 24/200 μm profile (105 m), the uniform 48/400 μm
profile (105 m) and the tapered fiber profile (105 m, similar
to the fiber used in this work) are considered. The NA of the
three fibers is 0.06. The injected signal power is assumed to
be 1000 W and the fiber attenuation is set to 3.5 dB/km.

Considering the Raman conversion in a long-distance
delivery path, the power evolutions of the signal laser and
Stokes light are highly correlated to the injected Raman
noise. Due to the high-fidelity delivery of the single-mode
laser in the experiment, it is reasonable to consider only the
fundamental mode propagation. Then, the evolutions of the
signal and Stokes power versus the injected Raman noise
are expressed by the following[37]:

{
dPs
dz = − λr

λs

gR
Aeff(z)

PsPr −αsPs,
dPr
dz = gR

Aeff(z)
PrPs −αrPr,

(3)

where Ps and Pr represent the signal power and Stokes
power, respectively, λs and λr represent the signal wavelength
and Stokes wavelength, respectively, gR is the Raman-gain
coefficient, which is fixed to 6.43×10–14 W/m assuming that

the polarization state is completely scrambled[38,39], αs and αr

represent the background attenuation of the two wavelengths
and Aeff(z) is defined as the effective interaction area at
different locations. In the tapered fiber, Aeff changes with the
fiber length and could be written as Equation (4) at a specific
location z:

Aeff =
∫∫

IsdS
∫∫

IrdS∫∫
IsIrdS

=
∫ 2π

0
∫ rclad

0

∣∣∣−→E s (r,ϕ)

∣∣∣2rdrdϕ · ∫ 2π
0

∫ rclad
0

∣∣∣−→E r (r,ϕ)

∣∣∣2rdrdϕ

∫ 2π
0

∫ rclad
0

∣∣∣−→E s (r,ϕ)

∣∣∣2∣∣∣−→E r (r,ϕ)

∣∣∣2rdrdϕ

,

(4)

where E and I represent the field and intensity distribution of
the fiber eigenmode, respectively, and r and ϕ represent the
radial and angular coordinates, respectively.

Based on Equations (3) and (4), the evolutions of signal
and Stokes powers for the three fiber configurations are
calculated for comparison, and the results are shown in
Figure 5. We set a principle of 50 dB to evaluate the
laser delivery performance, that is, a high-quality delivery
is achieved if the final signal-to-SRS ratio is larger than
50 dB. It can be seen clearly in Figure 5(a) that, when
the Raman noise changes from 1×10–9 to 1×10–6 W, the
uniform 24/200 μm profile experiences a rapid decrement
for the signal power due to the limited core mode area
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Figure 6. Evolution of signal-to-SRS ratios as a function of the injected
Raman noise in the tapered multimode fiber with laser power levels of 1000,
2000 and 3000 W.

and a strong Raman conversion, accompanied by a sharp
increase of Stokes power, as shown in Figure 5(b). In this
case, the signal-to-SRS ratio degrades from 38 to 10 dB
(when the Raman noise is nearly 1×10–6 W), as shown
in Figure 5(c); hence, long-distance delivery cannot be
accomplished through the uniform 24/200 μm fiber directly.
As for the uniform 48/400 μm fiber, the signal and Stokes
powers remain constant versus the varied Raman noise. Even
with a larger Raman noise of 1×10–4 W, the signal-to-SRS
ratio can reach nearly 50 dB, which enables high-quality
delivery. For the tapered multimode fiber, the performance
of high-power delivery is improved greatly compared with
the uniform 24/200 μm fiber and shows results close to that
of the uniform 48/400 μm fiber. This provides theoretical
evidence of tapered multimode fiber for SRS-free delivery.
Further, based on the experimental and simulated results,
one can reasonably estimate that the laser source employed
in the experiment has a spontaneous Raman noise of nearly
2×10–6 W.

The ultimate limits of the tapered multimode fiber for
high-quality delivery are also investigated with different
power levels. As illustrated in Figure 6, the signal-to-SRS
ratio decreases over 12 dB when the laser power increases
from 1000 to 2000 W. The principle (50 dB) of high-quality
delivery restricts the injected Raman noise to 1.2×10–7 W.
Hence, a laser source with a purer spectrum is needed to
realize high-quality delivery at 2000 W by using the fiber
drawn in this work. When the laser power is 3000 W, the
signal-to-SRS ratio remains below 50 dB for the whole
range. In this way, optimized design of the fiber profile,
that is, the core dimensions, tapered length, etc., should be
conducted to improve the performance.

The mode property is further characterized by using the
spatially and spectrally resolved imaging technique[40] within
the range of 1070–1090 nm, and the results are depicted in

Figure 7. In the whole delivery path, five kinds of HOMs
are weakly excited due to the intrinsic defects of the fiber
structure. All of their peak-to-peak amplitudes are measured
to be below –30 dB. Insets show the phase and intensity
distributions of five HOMs, suggesting the typical patterns
of the LP11, LP21, LP31, LP12 and LP41 modes, respectively.
No radial HOMs (LP0,N modes, where N = 1, 2, 3, . . .)
are observed in the whole path, which reveals the adiabatic
property of the tapered region. The unexpected excitation of
azimuthal HOMs is mainly attributed to the slight fluctuation
of the fiber dimension since the actual fiber does not have
theoretical uniformity. The mode preservation ensures the
immunity of the delivery system for preventing beam quality
degradation over a long distance.

With a weakly coupled regime, the current results of the
M2 factor and mode diagnosis demonstrate the convenience
of high-fidelity delivery. To achieve this goal, a key premise
is controlling the launching condition. Once the laser modes
are coupled into the delivery fiber with high fidelity, the
weakly coupled regime can keep the field contents intact.

4. Discussion: ultimate limits for high-power, single-
mode and long-distance delivery based on solid-core
fibers

As high-power laser delivery becomes a reawakened subject,
many power records have been generated for long-distance
and single-mode transmission in recent years. To pursue the
bilateral limits for power and delivery length, the transmis-
sion characteristics with different presupposed parameters
should be further discussed. Considering the difference of
laser sources in terms of Raman noise, it is not meaningful to
estimate the SRS threshold directly by the simplified formula
Pth ≈ 16Aeff/(gR ·L), in which Aeff, gR and L represent the
effective mode area, Raman-gain coefficient and fiber length,
respectively. The final signal-to-Stokes ratio is affected by
the laser power, Raman noise, fiber parameters and delivery
length synchronously.

Based on the weakly coupled condition and the fiber
parameters used in this work, the further discussion here
assumes the core diameter to be 48 μm, and the NA is 0.06.
For simplicity and universality, the uniform fiber profile
is selected for reference. The transmission attenuation at
1080 nm is set to 5 dB/km. This is a moderate value of atten-
uation for current passive laser fibers. In all the simulations,
an ideal single-mode beam is adopted, since the experiment
described in this work has verified the inherent advantage
of a tapered fiber scheme for high-fidelity delivery, and this
technique can be widely extended. The simulations also obey
the power evolution in Equation (3).

Figure 8 displays the relationships between the initial
Raman noise and the output properties with different fiber
lengths and an injected signal power of 1000 W. For the
delivery length of 100 m, the output signal power keeps a
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Figure 7. Spatially and spectrally resolved imaging results for the whole delivery path.

Figure 8. Relationships between the initial Raman noise and the output properties with different fiber lengths and an injected signal power of 1000 W:
(a) output signal power; (b) output Stokes power; (c) output signal-to-Stokes ratio.

stable value of nearly 935 W. Even with a large Raman noise,
for example, 1×10–3 W, the Stokes power does not increase
significantly, and the signal-to-Stokes ratio is estimated to be
higher than 35 dB. If we set a signal-to-Stokes ratio of 50 dB
as the principle for high-quality delivery, the initial Raman
noise power of the laser source should be maintained of the
order of 10–4 W or lower when the delivery length is 100 m.
As the delivery length extends to 150 m, a stronger Raman
conversion is observed. At the maximum Raman noise, the
conversion of signal light and Stokes light experiences a
significant increment, resulting in a signal-to-Stokes ratio
of less than –30 dB at the output end. According to the

calculation results, it is a challenging task to obtain a high-
quality delivery of 175 or 200 m for a 1000 W single-mode
laser. To achieve these goals, the Raman noises of the laser
source should be controlled to below the orders of 1×10–6

and 1×10–7 W, respectively.
Similarly, Figure 9 displays the relationships between the

initial Raman noise and the output properties with different
fiber lengths and an injected signal power of 2000 W.
When the delivery length is 50 m, the signal-to-Stokes ratio
remains over 40 dB if the Raman noise varies from 1×10–9

and 1×10–3 W. To realize a signal-to-Stokes ratio over 50 dB,
the power level of the Raman noise should be less than the
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Figure 9. Relationships between the initial Raman noise and the output properties with different fiber lengths and an injected signal power of 2000 W:
(a) output signal power; (b) output Stokes power; (c) output signal-to-Stokes ratio.

Figure 10. Relationships between the initial Raman noise and the output properties with different fiber lengths and an injected signal power of 3000 W:
(a) output signal power; (b) output Stokes power; (c) output signal-to-Stokes ratio.

order of 1×10–4 W, meaning that the 2 kW laser source
should have an initial signal-to-SRS ratio larger than 73 dB.
Consequently, the demand for high-power, single-mode laser

delivery puts forward higher requirements on developing
laser sources with high spectral purity. When the delivery
length is 75 m, high-quality delivery restricts the Raman
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noise to nearly the order of 1×10–5 W; in this case, the
initial signal-to-SRS ratio of the laser source is over 83 dB.
When the delivery length is 100 m, an obvious Raman
conversion can be seen if the Raman noise is larger than
1×10–6 W, which degrades the transmission efficiency and
spectral purity. In other words, based on solid-core fibers of
below 50 μm, it is a tough target to achieve a delivery length
of over 100 m at the power level of 2000 W.

To determine the ultimate limits of high-power delivery,
the cases for 3000 W are also calculated, as shown in Figures
10(a)–10(c). When the Raman noise is 1×10–4 W, the signal-
to-Stokes ratios for 50, 75 and 100 m delivery lengths are
38, 20 and 2.3 dB, respectively. When the Raman noise
is 1×10–5 W, the signal-to-Stokes ratios for 50, 75 and
100 m delivery lengths are 48, 30 and 12 dB, respectively.
When the Raman noise is 1×10–6 W, the signal-to-Stokes
ratios for 50, 75 and 100 m delivery lengths are 57, 39 and
22 dB, respectively. When the Raman noise is 1×10–7 W,
the signal-to-Stokes ratios for 50, 75 and 100 m delivery
lengths are 68, 50 and 32 dB, respectively. As for the delivery
length of 100 m, the requirement on Raman noise is lower
than 1×10–9 W if a signal-to-Stokes ratio of over 50 dB is
expected.

5. Conclusion

The current work provides a successful scheme to balance
the nonlinear effects and beam quality degradation for the
long-distance delivery of high-power single-mode lasers.
Here, we experimentally realize a kilowatt-level delivery
of 105 m enabled by a tapered multimode fiber. With the
maximum input power of 1035 W, the maximum output
power is 962 W, corresponding to a high efficiency of
over 93% and a high signal-to-SRS ratio of over 50 dB.
The tapered multimode fiber is carefully designed with the
weakly coupled condition and adiabatically drawn from a
thin end of 24/200 μm to a thick end of 48/400 μm. Due to
the excellent taper profile and the optimum excitation at the
input end, high-fidelity delivery without beam deterioration
is demonstrated, which results in M2 factors of 1.20 and
1.23 for the input and output lasers, respectively. The mode
property resolved by the mode imaging technique shows
slight HOM contents of less than –30 dB in the whole
delivery path, which further supports the evidence of high-
fidelity transmission.

To observe the ultimate limits for high-power laser deliv-
ery, the output properties of 48 μm fibers with different
delivery lengths and laser powers are calculated as a function
of the injected Raman noise. We set a high signal-to-Stokes
ratio of 50 dB to evaluate high-quality delivery. Results show
that, for solid-core fibers below 50 μm, it is a challenging
task to obtain high-quality delivery of 175 or 200 m for a
1000 W single-mode laser unless the Raman noises of the

laser source are controlled to below the orders of 1×10–6 or
1×10–7 W, respectively. Similarly, a delivery length of over
100 m at the power level of 2000 W restricts the Raman
noise to be lower than the order of 1×10–6 W. When the laser
power is 3000 W, the different orders of Raman noise, that
is, 1×10–6, 1×10–7 and 1×10–9 W, determine the ultimate
delivery lengths to be 50, 75 and 100 m, respectively.

In addition, the scheme of tapered delivery fiber can be
easily combined with functional schemes. Since the tapered
fiber modulates the light transmission along the longitudinal
direction, it is a promising method to incorporate it with
transverse designs, including designs with stronger HOM
suppression, weaker light–acoustics interaction, etc.
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