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Preserving Nearly Diffraction-Limited Beam Quality
Over Several Hundred Meters of Transmission

Through Highly Multimode Fibers
Christian Röhrer , Christophe A. Codemard, Senior Member, OSA, Götz Kleem, Thomas Graf,

and Marwan Abdou Ahmed

Abstract—The influence of the core diameter and the fiber length
on the beam quality of the transmitted beam was investigated theo-
retically and experimentally for highly multimode step-index fibers
with a numerical aperture of 0.22 using a fully monolithic setup.
We show that it is possible to maintain a nearly diffraction-limited
beam quality (M2 ≈ 1.3) through 100 m long multimode fibers.
For a core diameter of 60µm and a fiber length of 380 m one can
still deliver a beam with an M2 value of 2.1. The high-power suit-
ability of this approach was shown by transmitting 1 kW of power
through a 100 m long fiber with a core diameter of 60µm with-
out the onset of stimulated Raman scattering while maintaining a
nearly diffraction-limited beam quality (M2 ≈ 1.3).

Index Terms—Large mode area (LMA), multimode step-index
fiber, nearly diffraction-limited beam, stimulated Raman scatter-
ing (SRS).

I. INTRODUCTION

FOR laser materials processing optical fibers offer a flexi-
ble solution for transporting the laser beam from the laser

source to the work piece. The fiber delivery of high-brightness
solid-state laser radiation is however limited by to the onset of
nonlinear effects. The output of industrial high-power cw fiber
lasers typically exhibits a broad spectral bandwidth [1], thus the
dominant nonlinearity in the delivery fibers is stimulated Raman
scattering (SRS) [2]. The threshold power leading to SRS is pro-
portional to the ratio between the effective mode field area and
the fiber length [3]. To overcome SRS and enable the fiber-optic
transmission of high-power laser beams over long distances the
core size must be enlarged, thus making the fiber multimode.
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Several approaches have been proposed to mitigate the exci-
tation of higher-order modes and still maintain a diffraction-
limited beam along the propagation through fibers with large
core diameters, e.g. by introducing high propagation losses for
higher-order modes such as in photonic crystal fibers or lower-
ing the numerical aperture (NA) to keep the fiber truly single-
mode [4]. These fiber designs are complex, expensive, and very
often impractical for flexible beam delivery in industrial appli-
cations, because they suffer from excess propagation loss and
strong bend-sensitivity. There is still a need for more simple,
readily useable, and low-cost solutions to transport high-power
beams with good beam quality over several tens to hundreds of
meters of fiber.

In the present work we propose to use conventional step-
index fibers, which have advantages such as low complexity, low
loss, low price, and well-established manufacturing and han-
dling technologies (e.g. cleaving, splicing and tapering). Sev-
eral groups have already shown the possibility to maintain a
diffraction-limited beam along the propagation through multi-
mode fibers with core diameters of a few hundred micrometers
and short fiber lengths of several tens of centimeters to up to two
meters [5], [6], with core diameters of some tens of micrometers
and fiber lengths of ten to twenty meters [7]–[9], or in few-mode
fibers with a length of hundred meters or more [10]–[12]. These
results show that there is a tradeoff between the size of the core
and the length of the fiber.

The aim of the present work was to advance the use of large
core diameters together with high numerical apertures while
at the same time using long fibers and preserving a nearly
diffraction-limited beam quality. The conditions required to pre-
serve a good beam quality along several hundred meters in highly
multimode fibers is shown both theoretically and experimentally
and is demonstrated by the beam delivery of nearly diffraction-
limited laser beams with a power of up to 1 kW. The used fiber-
optic beam delivery was set up in a fully monolithic arrangement
to allow for power scaling by avoiding the problems caused by
thermally induced degradations normally present in free-space
optical launching systems. The monolithic approach also pro-
vides superior excitation of the fundamental mode in the fiber
as compared to a free-space launching, where the free-space
Gaussian mode cannot be matched exactly to the fundamental
LP01-mode of the fiber [13].
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II. COUPLED MODE THEORY

The degradation of the beam quality occurring along the prop-
agation of the beam in multimode fibers results from a power
transfer from the fundamental to higher-order modes. In a per-
fect waveguide operating in a regime where nonlinear effects
are negligible there is no intrinsic mode coupling between the
modes. In real fibers the coupling between modes is usually in-
duced by deviations from the ideal waveguide geometry, such
as changes of the fiber cross-section along the fiber, variations
of the profile of the refractive index or fiber bends [14].

Mode coupling in general can be described using a field cou-
pling model [15], which can be simplified to a power coupling
model [16]–[18], as for most cases it is sufficient to consider
the power evolution in each mode [19]. It was shown by Mar-
cuse [20] that coupling between two modes only takes place
when the suffered perturbation contains a spatial frequency com-
ponent that is equal to the difference of the propagation constants
of the modes, which is proportional to the difference Δneff of
the effective refractive index - or mode spacing - of the two
modes. Hence almost degenerate modes with a small Δneff cou-
ple when the perturbation has a low spatial frequency whereas
non-degenerate modes - such as the fundamental LP01-mode
and higher-order modes - couple when the spatial frequencies
of the perturbations are high [19]. The strength of the coupling
is proportional to the power spectrum of the curvature along the
fiber [21] and depends on the overlap of the field distributions
of the two modes and their interaction length [15]. Coupling be-
tween adjacent modes is dominant and decreases quickly with
increasing mode spacing [18], because for most random per-
turbations the magnitude of the power spectrum is strongly de-
creasing with increasing frequency [14], [21]–[23]. Therefore
a large Δneff between LP01 and LP11 is needed to suppress a
power transfer between these modes.

The perturbations at high spatial frequencies are typically in-
duced by microscopic random bends of the waveguide intro-
duced by external stress and are usually referred to as microbend-
ing [14]. Mode coupling due to microbending is a stochastic
process where the perturbation is considered to be randomly
distributed along the fiber [23]. To study these random perturba-
tions along the fiber Olshansky [21] proposed a model assuming
an infinite number of small bumps which deform the fiber. Fer-
mann [7] used this model to derive a simple analytical equation
to estimate the mode coupling between LP01 and LP11, leading
to a coupling coefficient d12

d12 ∝ d8core

d6clad · λ4
, (1)

where the indices 1 and 2 correspond to the LP01 and the
LP11 mode, respectively, dcore is the core diameter, dclad the
cladding diameter and λ the wavelength. At a given wavelength
this equation shows that to decrease the coupling between modes
due to microbending one has to either reduce the core diameter or
to increase the overall fiber thickness and therefore the rigidity of
the fiber. Hence, when a large core is needed to suppress SRS, the
cladding diameter has to be increased to mitigate mode coupling
induced by microbending.

Fig. 1. Calculated Δneff between LP01 and LP11 at a wavelength of 1070 nm
as function of the NA for core diameters ranging from 30 to 60 µm.

III. FIBER DESIGN

With the above summary of the coupled mode theory as a
framework it is now straight forward to design a fiber, which is
suitable to preserve diffraction-limited beam quality over long
distances. There are two main points that are important for the
fiber design to prevent mode coupling, the reduction of pertur-
bations that can lead to mode coupling and the increase of the
mode spacing. For the latter numerical simulations based on the
finite element method (FEM) were performed to show the de-
pendence of the mode spacing Δneff on the core diameter and
the numerical aperture, which are the two design parameters of
a step-index fiber.

Fig. 1 shows the results of these simulations which were per-
formed by solving the Helmholtz equation using the commer-
cially available software COMSOL Multiphysics. It is obvious
that the difference Δneff of the effective refractive indices of
the two modes decreases rapidly with increasing core diame-
ter, which is contrary to the need of a large Δneff to reduce
mode coupling. The simulation also shows that Δneff is almost
constant for large NAs, which means that the mode coupling
is nearly independent of the numerical aperture when this is
sufficiently large, which was already experimentally verified by
Hurand et al [6]. Furthermore, it is known that the bending sen-
sitivity decreases with increasing NA [4]. For our analysis we
have therefore chosen a numerical aperture of 0.22, since this
is commercially available and represents the standard in fiber-
optics and guarantees a high uniformity of the preform and the
drawn fibers. With this NA the number of supported fiber modes
amounts to 188, 344, 538 and 762 (including polarization de-
generacy) for the fibers with core diameters of 30, 40, 50 and
60μm, respectively, which highlights that these fibers are indeed
highly multimode.

The second goal of the fiber design is the reduction of pertur-
bations that can lead to mode coupling. Therefore, any imperfec-
tions in the profile of the refractive index have to be prevented as
much as possible. For this we have selected a core made of pure
silica with a fluorine-doped cladding. This has the advantage
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to ensure a significantly more uniform profile of the refractive
index, as compared to germanium-doping of the core, which
typically exhibits a non-uniform refractive index profile owing
to the fabrication process [24].

According to Eq. (1) a large cladding thickness is important
to reduce mode coupling. This was confirmed qualitatively by
Hurand et al. [6], which have shown that the beam quality factor
M2 is reciprocally proportional to the size of the cladding. Fur-
thermore, by increasing the thickness of the cladding by a factor
of two, i.e. by changing the ratio between the diameters of core
and cladding from 1:2.5 to 1:5.6, Fermann [7] also showed that
the propagation length of a single-mode beam can be increased
by two orders of magnitude. We therefore used fibers with a ratio
dcore/dclad of 1:6 for our investigations.

IV. FIBER PRODUCTION

Point defects in the preform as a source of mode coupling
can be neglected, since due to the large draw-down ratio in the
fiber [24], these imperfections will stretch and related pertur-
bations will belong to the low-frequency regime [14]. Based
on the combination of fast drawing speeds and a slow thermo-
mechanical response of the glass preform [25], perturbations
caused by drawing-induced diameter fluctuations will also fall
into the low-frequency regime [14]. Based on the above design
considerations, the preform was produced by the commercial
provider CeramOptec. Subsequent drawing was conducted us-
ing our own drawing facility, where we have drawn fibers with
core diameters of 30, 40, 50 and 60 μm with fiber lengths of
100, 180, 300 and 380 m, respectively.

To protect the drawn fibers from mechanical stress and en-
sure mechanical stability a polymer coating is applied during
the drawing process [24]. It is known that microbending can
be reduced by decreasing the quotient of the Young’s moduli of
this encapsulating material and the fiber itself [21]. Typically the
Young’s modulus of numerous encapsulating plastic materials
is three orders of magnitudes smaller than the one of fused sil-
ica [26] leading to a strong reduction of microbending. In order
to lower microbending, while at the same time ensuring a high
mechanical reliability, most optical fiber coatings consist of a
double-layer structure [24]. The inner primary coating is made
of a soft material, whereas the outer secondary coating is made
of a hard material [27]. The primary coating works as a buffer
layer and high spatial frequencies are absorbed, therefore this
coating acts as a low-pass filter to external perturbations [28],
hence reducing the impact of microbending. The secondary coat-
ing protects the primary coating and the overall fiber against any
mechanical damage [27]. In a numerical study Yang et al. [29]
have analyzed the influence of the fiber coating on microbend-
ing. They concluded that to reduce microbending one has to in-
crease the thickness and the elasticity of the primary coating and
decrease the elasticity of the secondary coating. Hence, for our
experiments OF-136 from MY Polymers was used as primary
coating, having a low refractive index to make the fibers suitable
for high-power applications and DeSolite DS-2015 from DSM
was applied as secondary coating.

Fig. 2. Layout of the investigated fiber configurations using a fully monolithic
arrangement. (a) Configuration for the fiber with a core diameter of 30 µm.
(b) Configuration for fibers with core diameters of 40, 50 and 60 µm including
an intermediate taper.

As sketched in Fig. 2, a fully monolithic setup with integrated
mode field adapters, i.e. so called tapers, to match the modes of
the fiber laser and the beam delivery fibers was chosen for the
experimental demonstration. For the smallest core diameter of
30 μm the fiber was drawn in one step including the taper (see
Fig. 2(a)), whereas for core diameters of 40, 50 and 60 μm
the fibers were tapered down to 30 μm in a first step and an
additional intermediate taper was needed (see Fig. 2(b)), because
the difference between the core diameters of the fiber laser and
the beam delivery fiber was too large to ensure a controlled
drawing of the corresponding taper in one single step.

To achieve the best overlap between the LP01-mode of the
fiber laser and the one at the entrance of the tapered beam
delivery fiber, simulations were conducted using the software
FIMMWAVE and the included module FIMMPROP. This soft-
ware package from Photon Design computes a fully vectorial
solution of Maxwell’s equations. It was found that with the given
fiber laser with a core diameter of 15 μm an optimum overlap
of 99.3% is achieved when the core diameter at the entrance of
the taper of the delivery fiber was chosen to be 18.2 μm. Hence
the fibers were drawn with a core diameter of 18.2 μm at the
entrance of the tapered section.

A change of the core diameter as a consequence of the inte-
grated mode field adapters, can be understood as a perturbation,
but when the change is slow along the propagation distance the
mode size adjusts itself adiabatically [30] to follow the changing
geometrical dimensions [31]. To fulfill this adiabatic condition
the length of the taper has to be sufficiently long or the taper
angle has to be sufficiently small [32]. In other words, the tran-
sition length of the taper has to be much larger than the coupling
length, which is defined as the beat length between two modes,
everywhere along the taper [33]. The coupling length is typi-
cally in the order of several millimeter to centimeters, which was
confirmed by further simulations with FIMMWAVE, where we
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Fig. 3. Experimental setup consisting of a 1 kW cw fiber laser from SPI Lasers
with an emission wavelength of 1070 nm and an unpolarized and diffraction-
limited output beam. The passive delivery fiber including taper was spliced to
the fiber under test (refer to Fig. 2 for details on the layout of each fiber) and the
fiber was terminated with an AR-coated end-cap. The beam emitted from the
rear side of the delivery fiber was analyzed with respect to power, beam quality,
and spectrum.

evaluated the minimum length of the tapers for which no power
is transferred from the LP01 to any higher-order modes. The
produced taper length of 4 m is much longer than the coupling
length, which ensured an adiabatic transition of the fundamental
mode.

V. EXPERIMENTAL RESULTS

Fig. 3 shows the experimental setup. An unpolarized cw
single-mode fiber laser from SPI Lasers, providing a maximum
output power of 1 kW at a wavelength of 1070 nm, was spliced
to the fibers under test including the tapered sections. All splices
were optimized beforehand using a fractional factorial design of
experiments for the four main splice parameters: splice power,
splice time, overlap and hot push delay [34]. The transmitted
power and the beam quality resulting behind the splice were
measured during the optimization process. The splice parame-
ters after each run of experiments were adapted until the best
parameters were found to minimize power loss, light propagat-
ing in the fiber cladding, and the beam quality factor M2 of
the transmitted beam. The splices were placed on water-cooled
V-groove fiber holders to reduce bending and were embedded
within a polymer with low refractive index. The fiber itself was
loosely wound around a fiber spool with a bending radius of ap-
proximately 50 cm to minimize microbending. An AR-coated
end-cap at the output facet of the fiber was used to mitigate back-
reflections into the laser and to increase the beam size in order
to reduce the intensity at the interface between glass and air. The
beam transmitted through the fiber was analyzed with respect to
power, beam quality, and the optical spectrum.

The large bending radius of the fiber (≥50 cm) was used,
since the threshold power leading to stimulated Raman scat-
tering is proportional the effective mode field area [3]. As
tight fiber bends lead to a reduction of the effective mode field
area this also lowers the SRS threshold and should therefore be
avoided. The impact of this macroscopic bending on the mode

Fig. 4. Measured beam quality factor M2 as function of the fiber length for
the fibers with core diameters of 30, 40, 50 and 60 µm (for the sake of clarity
no error bars are shown but the measurement accuracy was ± 5%).

coupling, however, is negligible, which was already reported
in [9], where it was shown for similar fibers that the beam qual-
ity barely degrades with decreasing bending radius down to a few
centimeters.

Fig. 4 shows the measuredM2 values of the beam transmitted
through the fibers with various core diameters and as a function
of the fiber length. This length refers to the fiber length without
the tapered sections. These measurements were performed with
a laser power of 50 W. The measurements with different lengths
of the fibers were obtained by cutting the fibers back in steps of
20 m until a length of 100 m was reached. The results show that
the beam quality degrades with increasing fiber length with a
minor influence from the core diameter. However, the observed
degradation is moderate. The beam quality factor M2 of the
beam transmitted through 380 m of the fiber with a core diameter
of 60 μm, for instance, does not exceed 2.1, which indicates
a reasonably limited mode coupling to higher-order modes. A
nearly diffraction-limited beam withM2 ≈ 1.3 can be preserved
for the fibers with a length of around 100 m. This M2 value is
about one order of magnitude smaller than the nominal beam
quality factor supported by the tested multimode fibers. The
nominal beam quality factor M2 of the fibers can be estimated
by considering their full NA and assuming that all modes of
the fiber are equally excited [35]. For the investigated fibers this
nominal M2 factor amounts to 9.7, 12.9, 16.1 and 19.4 for the
core diameters of 30, 40, 50 and 60 μm, respectively.

To demonstrate that these multimode fibers also support the
transmission of diffraction-limited beams at high power, we have
performed experiments at the maximum output power of the
available fiber laser. This was performed with the fiber with a
core diameter of 60μm, since the largest core diameter offers the
highest SRS threshold. The fiber had a length of 100 m in order
to still guarantee for a nearly diffraction-limited beam quality
at the exit of the fiber. We were able to transmit a beam with
1013 W of power without the onset of SRS. The SRS power
threshold was determined to be 1020 W, while still maintaining
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Fig. 5. Measured spectra of the beam which was transmitted through 100 m
of fiber with a core diameter of 60 µm at output powers of 48 W and 1013 W.
Insets: Near and far field intensity distributions of the output beam at an output
power of 1013 W.

a nearly diffraction-limited beam quality. TheM2 was measured
to be almost constant (within the accuracy of the measurement)
and amounted 1.24 ± 0.06 and 1.32 ± 0.07 at output powers of
48 W and 1013 W, respectively.

The corresponding spectra of the transmitted beam are shown
in Fig. 5. With increasing power from 48 W to 1013 W the
spectrum broadens gradually. However, the spectral emission
bandwidth measured is 3.5 nm (FWHM). This beam delivery
system is therefore perfectly suitable for typical high-power in-
dustrial applications, which can be further corroborated by the
near and far field intensity profiles (see insets Fig. 5) illustrating
the good beam quality after transmission of 1013 W of power.

VI. DISCUSSION

The experimentally observed increase of the M2 along the
length of the propagation can be explained by considering Mar-
cuse’s coupled power equations [16]

dPμ

dz
= −αμPμ +

∑

ν �=μ

dμν(Pν − Pμ), (2)

which describe the evolution of the power P of mode μ along
the propagation distance z. Here dμν is the coupling coefficient
between mode μ and mode ν, and α is the propagation loss [15],
[16], [19]. It is stated in the literature [7], [18], [21] that the
coupling coefficient dμν reduces rapidly with mode spacing and
is inversely proportional to the fourth power of Δneff, however,
Hurand et al. [6] have shown a much weaker dependence on the
mode spacing. This inconsistency found in the literature most
certainly arises due to the random nature of mode coupling in
such highly multimode systems.

Besides the mode spacing the coupling also depends on the
overlap of the field distributions of each fiber mode [15], which
itself heavily depends on the experimental conditions as shown
in Fig. 6. For large bending radii approaching infinity, which
corresponds to a straight fiber, the overlap of the fundamental

Fig. 6. Calculated overlap between the LP01 and several higher-order modes
at a wavelength of 1070 nm as function of the bending radius of the fiber with
a core diameter of 30 µm (for the sake of clarity only the overlaps with the first
six higher-order modes are shown).

LP01-mode with the LP02 is much higher than with the LP11.
Indeed, the overlap between LP01 and all radially symmetric
modes is high in this case. However, with decreasing bending
radius the overlap of the fundamental mode to the LP11 strongly
increases. Since most of our fiber is in this experimental con-
figuration, i.e. with a bending radius in the range of 50 cm and
Δneff between LP01 and LP11 is the smallest, the coupling to
the LP11 is dominant.

It is known that mode coupling is a highly complex process
with several impact factors. Due to this complex nature and the
large number of modes in our highly multimode system, we
focused our study on the dependence of the coupling coefficient
dμν on the mode spacing Δneff. Therefore, the relation

dμν = A ·Δn−B
eff,μν (3)

was substituted into Eq. (2) to fit the theoretically calculated
values of M2 to the experimental results by means of the least
squares error with the fit parameters A and B.

To calculate theM2 values of the beams after the transmission
of the beam through the investigated fibers, the same procedure
used in our previous work [9] was followed, since for the long
fiber lengths and the broad spectrum of our fiber laser the ap-
plied incoherent superposition is valid [36]. Hence, the resulting
intensity distributions in the transverse xy-plane in the near and
far field of the beam that is emitted from the fiber with the length
L were calculated with

IN(x, y, L) =

m∑

μ=1

Pμ(L) · Iμ,N(x, y, L)∫∫
Iμ,N(x, y, L)dxdy

(4)

and

IF(x, y, L) =

m∑

μ=1

Pμ(L) · Iμ,F(x, y, L)∫∫
Iμ,F(x, y, L)dxdy

, (5)

where m is the number of modes supported by the fiber and
Pμ(L) is the power of each mode μ as calculated from Eq. (2).
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Fig. 7. Calculated evolution of modal powers along the propagation in the fibers with core diameters of 30, 40, 50 and 60 µm (for the sake of clarity only the
first five modes are shown).

TABLE I
FIT PARAMETERS A AND B FOR EACH CORE DIAMETER

The losses were neglected in our calculations and it is assumed
that only the fundamental LP01-mode is launched at the entrance
of the fiber. The propagation constantsneff,μ of each fiber modeμ
and their corresponding near and far field intensity distributions
Iμ,N (x, y, L) and Iμ,F (x, y, L) were calculated by solving the
wave equation using MATLAB. Finally, the resulting near and
far field distributions given by Eqs. (4) and (5) were used to
calculate the M2 values for each fiber length L according to
the second moment method [37]. The evolution of the modal
powers and the resulting M2 values are shown in Fig. 7 and
Fig. 8, respectively.

Table I shows the fit parameters A and B for each core di-
ameter. Whereas A is decreasing with increasing core diameter,
B is almost constant at an average value of 1.94. Hence consid-
ering Eq. (3), the coupling coefficient dμν reduces with mode

spacing, but this dependency is, as Hurand et al. [6] already
stated, weaker than suggested in the literature [7], [18], [21] and
is rather reciprocally proportional to the second power of Δneff.

It can be seen in Fig. 7 that the power is gradually transferred
from the LP01, which initially contains 100% of the power, to all
higher-order modes and that an equilibrium state is reached after
a certain fiber length. This shows that even though the coupling
itself is not homogeneous across all modes, since in a step-index
fiber the mode spacing is not equidistant [30], the equilibrium
energy distribution between all modes is homogeneous. The cou-
pling from the LP01 to the LP11-mode is dominant since they are
separated by the smallest Δneff. The overall behavior is similar
for all examined fibers with different core diameters, suggesting
that the coupling mechanism in all fibers is the same.

The comparison between the experimentally measured M2

values and the calculations are given in the graph on the left (see
Fig. 8(a)). According to the graph on the right (see Fig. 8(b)), the
equilibrium state is reached after a couple of tens of kilometers
for a core diameter of 30 μm, which results in a top-hat in-
tensity distribution since all modes superpose incoherently. The
corresponding M2 value of 9.3 is consistent with previously
stated nominal beam quality factor of 9.7. For the larger core
diameters of 40, 50 and 60 μm the equilibrium state is reached
only after a propagation length of beyond 100 km. According
to the method proposed by Savović et al. [38], which is based
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Fig. 8. Calculated beam quality factor M2 as a function of the fiber length. (a) For fiber lengths between 80 and 400 m including the experimental results from
Fig. 4. (b) For fiber lengths between 0 and 100 km.

on Gloge’s power flow equation [18], together with the approx-
imation that the launched beam has an M2 close to unity [6] the
beam quality factor

M2 =
2π · ncore · w0 ·

√
2LD

λ
(6)

is found to scale with the square root of the fiber length L.
HereD is the global coupling coefficient as defined in [38],ncore

is the refractive index of the core, and w0 is the waist radius of
beam at the fiber output [6]. In comparison to the approximations
of Fermann [7], Hurand et al. [6] confirmed Eq. (1) qualitatively
but stated that the dependency on the core and cladding diameter
is weaker. From their findings it can be concluded that

M2 ∝ dcore

dclad
·
√
L, (7)

which is valid for short fibers where just a few modes are
excited and which is far from the equilibrium state. For a preform
with a constant ratio between the diameters of core and cladding,
the beam quality scales with the square root of the fiber length
and is independent of the size of the core or the cladding, which
is in good agreement with the results presented here.

VII. CONCLUSION

In this work we have analyzed the requirements for preserving
a good beam quality in highly multimode fibers by using the
coupled mode theory as a framework for the fiber design to
reduce mode coupling. This was experimentally verified with a
fully monolithic setup using beam delivery fibers with an NA
of 0.22. A nearly diffraction-limited beam quality (M2 ≈ 1.3)
was maintained over a fiber length of 100 m for core diameters
of up to 60 μm. It was further presented that the beam quality
factor M2 degrades gradually with increasing fiber length, but
still remains at a useful value of 2.1 for a fiber with a core
diameter of 60 μm and a length of 380 m. The power capability
was demonstrated by the transmission of a nearly diffraction-
limited high-power beam with a power of 1 kW through a 100 m

long fiber with a core diameter of 60 μm without the onset of
SRS. Further research will be devoted to the investigation of
the beam delivery at even higher laser output powers, which
are especially relevant for material processing applications like
cutting or remote welding.
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