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Abstract: We proposed and demonstrated mode cleaning in a high-power fiber laser by
integrating an anti-resonant hollow-core fiber (AR-HCF) into a multimode laser cavity of an
ytterbium (Yb)-doped fiber (YDF). An in-house mode-matched AR-HCF was fusion-spliced to a
commercial multimode LMA-YDF, ensuring efficient fundamental mode coupling. The AR-HCF
inflicts a high propagation loss selectively on higher-order modes, facilitating fundamental mode
operation. Thus, the AR-HCF works as an efficient spatial mode filter embedded in the multimode
fiber laser cavity and reinforces preferential amplification of the fundamental mode. Beam
quality factor enhancement was achieved from M2 = 2.09 to 1.39 at an output power of 57.7
W (pump-power limited). The beam quality can be further improved by refining the AR-HCF
fabrication. The proposed technique has a great potential to be exploited in other multimode fiber
laser cavities involving erbium- or thulium-doped fibers and obviates the need for complicated
specialty active fiber designs. Compared with the commonly used fiber bending technique, our
method can achieve an efficient higher-order mode suppression without inducing mode-field
deterioration.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Hollow core fibers (HCFs) have attracted much research attention in the past decades because of
their unique characteristics. Different from conventional solid silica fibers, HCFs confine light in
the air hole, leading to high material damage threshold, low optical nonlinearity, and ultra-low
waveguide dispersion [1,2]. These outstanding features enable HCFs to be advantageous over
conventional solid core fibers for low-loss transmission in the mid-IR region [3], sensing [4],
ultrafast pulse compression [5], and supercontinuum generation by gas-filling [6]. Anti-resonant
(AR)-HCFs are a new class of HCFs that operate following the anti-resonant reflecting optical
waveguide guidance model [7] and inhibited coupling of fundamental core mode with lossy
dielectric modes [8]. Compared with the photonic bandgap HCFs, AR-HCFs have multiple broad
transmission bands and simplified cladding structure, making the technology more accessible.
AR-HCFs are inherently few-moded but all the core modes are leaky in nature, with higher order
modes (HOMs) suffering orders of magnitude higher propagation loss than the fundamental
mode. Therefore, AR-HCFs can support large mode areas of up to 40 µm core diameter [9,10],
while maintaining effective single mode operation. There has been significant research interest
in tapping the potential of AR-HCFs in a variety of optical systems, such as high-power laser

#451033 https://doi.org/10.1364/OE.451033
Journal © 2022 Received 10 Dec 2021; revised 4 Feb 2022; accepted 4 Feb 2022; published 23 Feb 2022



Research Article Vol. 30, No. 5 / 28 Feb 2022 / Optics Express 7929

beam delivery [11,12], ultra-fast pulse delivery [13,14], wavelength filters [15], and mechanical
force sensors [4].

High-power fiber lasers have evolved rapidly and have been investigated extensively over the past
decades. They serve important applications in various fields, such as advanced manufacturing,
aerospace and energy resource exploration [16]. The major challenge of power scaling in
high-power fiber lasers is the occurrence of nonlinear effects, which can significantly degrade
laser power scalability [17–19]. Enlarging the mode field area of a step-index fiber and lowing
its core numerical aperture (NA) is an efficient way to suppress the nonlinear effects without
deteriorating the beam quality [20]. However, lowering core NA encounters practical limitation of
∼0.038 set by the fabrication tolerance [21]. In addition, the low NA undermines the confinement
capability of the fiber core, which causes bending induced deteriorations such as beam distortion
and high loss in the fundamental mode [22]. Special waveguide designs without the core NA
limitation have been proposed [23,24], which have stringent fabrication and limited compatibility
with commercial fiber components.

Therefore, a step-index LMA fiber is still the main fiber platform in high power lasers. Instead
of complicating the design, post-fabrication fiber-processing methods like fiber bending and
tapering are often employed to suppress HOMs [25–29]. 1.36 kW in a near single-mode laser
beam (M2 = 1.4) has been achieved with a 12 cm bending radius by diode pumping [25]. Bending
however deteriorates mode profile and reduces the mode size, defeating the purpose of LMA fiber
[28]. 600 W single transverse mode laser based on tapered double-clad YDF by diode pumping
has been demonstrated [27]. However, tapering reduces mechanical strength of the fiber and
requires much more precautions when handling. Other techniques of insertion a spatial mode
filter in laser cavity include single-mode-multimode-single-mode (SMS) structure, splicing with
a SMF28 at the output end, and the method of employing fiber grating were studied [30–32] .
However, standard single mode fiber, such as SMF28, has a small core diameter which can easily
trigger nonlinear effects at high power. Multimode fiber grating is capable of handling high
power beams due to its LMA, but the grating period determines the corresponding wavelength of
each mode, saddling the system with precise temperature control system.

Hollow core waveguide (HCW) has been proposed as an external mode filter for quantum
cascade lasers (QCLs) [33,34]. But HCWs are hardly to be spliced with the active fiber by current
splicing technique, thus require free space coupling. In this work, we proposed and demonstrated
an alternative method utilizing the latest AR-HCF technology as a novel spatial mode filter by
spliced into a laser cavity to suppress HOMs. The technique of splicing mode-matched AR-HCF
to LMA-YDF has been introduced [35]. The AR-HCF in that work acted as an external beam
cleaner and the power fraction of HOMs in the laser output was lost to achieve nearly fundamental
mode output. Here in this paper, the splicing technique is firstly exploited for integrating AR-HCF
inside a laser cavity to reinforce fundamental mode in cavity which is not affected by the loss of
HOMs. The laser output beam quality was improved from M2 = 2.09 in the absence of AR-HCF
to M2 = 1.39 after the integration of AR-HCF, at 57.7 W lasing power. The demonstration
suggests a promising technique for power scalable single mode operation in a high power fiber
laser.

2. Hollow-core fiber design and theoretical analysis

The LMA-YDF employed in this work is a commercial double-clad fiber (LMA-YDF-25/250-VIII)
from Nufern, having a 25 µm core diameter and 19.8 µm mode field diameter (MFD) for LP01
mode at a wavelength of 1065 nm. The cladding diameter is 250 µm and core NA is 0.06. The
LMA-YDF can support four LP modes and simulations reveal that LP11 mode is expected to
dominate the multimode lasing signal in the absence of any spatial mode selection method;
the simulation results are elaborated in the next paragraph. To suppress the LP11 mode in the
cavity, we designed a single-ring, seven tube lattice AR-HCF with a 28 µm core diameter, 18 µm
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capillary inner diameter, 250 µm cladding diameter, and 0.78 µm capillary thickness as shown in
Fig. 1(a). Its LP01 mode has MFD of 20.4 µm MFD. The thickness of capillary walls decides the
wavelengths corresponding to the anti-resonant region characterized by low propagation loss in
the AR-HCF. Our design ensures that the conventional YDF emission band (1010 nm-1100 nm)
lies in the low-loss anti-resonant band. Moreover, the core diameter is chosen to support matching
MFD with the LMA-YDF for low splice loss. The ratio of capillary to core diameter is optimized
to be= 0.64, so as to achieve resonant coupling of LP11 core mode to lossy cladding mode,
leading to higher order mode extinction ratio (HOMER) above 1000 [36]. The key parameters
of the LMA-YDF and designed AR-HCF are listed in the Table 1. We apply full-vector finite
element method using commercial software COMSOL Multiphysics to calculate the mode fields
distribution of the first four core modes in the AR-HCF, as shown in Fig. 1(b). The HOMs are
subjected to the great losses in the AR-HCF as they propagate along the fiber length, leading to an
effective single mode operation. The calculated propagation losses of the LP01, LP11, LP21, and
LP02 modes at 1065 nm wavelength in the designed AR-HCF are 0.023 dB/m, 25 dB/m, 4.5 dB/m
and 12 dB/m respectively.

Fig. 1. (a) Cross-section of the designed AR-HCF; (b) Mode field distribution of LP01,
LP11, LP21 and LP02 in the AR-HCF.

Table 1. Fiber parameters of LMA-YDF, designed AR-HCF and fabricated AR-HCF

Fiber parameters LMA-YDF Designed ARHCF Fabricated ARHCF

Core diameter (µm) 25 28 31.3

Outer diameter (µm) 250 250 161.3

MFD (µm) 19.8 20.4 23.6

HOMER N. A 1087 10.9

We first theoretically investigate effectiveness of our method for beam cleaning in a laser cavity
composed of the LMA-YDF and the AR-HCF. Figure 2 shows the simulation results of individual
mode growth in the cavity. A reflection of 4%−100% linear cavity under 975 nm pumping is
assumed. We used the numerical model given in [37] to investigate modal behaviors when they
co-exist in the cavity. When all the supported modes are freely allowed (e.g., neither fiber bending
nor AR-HCF in the cavity), the LP11 dominates in the cavity as clearly shown in Figs. 2(a) and
(b). It is not surprising because the overlap of the LP01 with the center of the doped core is high,
leading to a rapid growth and saturation while the LP11 having a higher overlap at the edge of the
core can grow faster than the saturated LP01. Our observation is consistent with previous studies
[37]. As shown in Fig. 2(b), the LP11 is the dominant mode in the LMA-YDF alone cavity. We
note that the LMA-YDF supports four LP modes, but the LP02 mode power does not grow due to
its poor overlap with the doped area, and no cavity loss other than the outcoupling is assumed.

The high content of HOMs is nearly completely suppressed with the help of AR-HCF as a
mode cleaner. In Figs. 2(c) and (d), the AR-HCF is placed in the cavity via splicing to the
LMA-YDF. We assume 100% feedback at the output end of the AR-HCF and 4% feedback at the
pump coupling end of the LMA-YDF (See Fig. 5(b) for the assumed cavity.). With a 1.45 m-long
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Fig. 2. (a) Simulated lasing output power of the transverse modes versus pump power in
the 6 m-long LMA-YDF when kept straight; (b) Intensity of the transverse modes along the
radial position of the LMA-YDF at 100 W pump power; (c) Simulated lasing output power
of the transverse modes versus pump power with a 1.45 m-long AR-HCF spliced to the
LMA-YDF; (d) Intensity of the transverse modes along the radial position of the LMA-YDF
at 100 W pump power with the AR-HCF attached.

AR-HCF in the cavity, the LP01 mode becomes evidently the dominant mode as presented in
Figs. 2(c) and (d). The modal losses are stated in Table 1. The high HOMER of the AR-HCF
results in selection of the LP01 as the most favorable mode for lasing. The length of the AR-HCF
is optimized to efficiently suppress the HOMs, without inducing significant loss to the LP01 mode.
As shown in Fig. 2(c), all HOMs are completely suppressed with the optimum length of AR-HCF
and LP01 is the only surviving transverse mode. Consequently, the fundamental mode experiences
the lowest loss in the cavity and becomes dominant as re-confirmed in Fig. 2(d). Because of the
natural selection of the fundamental mode by the cavity design, the overall efficiency of the laser
is not affected by the loss of HOMs (91.2% in Fig. 2(a) versus 90.8% in Fig. 2(c)) unlike in a
delivery fiber [11]. By employing the AR-HCF as a part of the laser cavity, LP01 mode enjoys
preferential gain while the HOMs die out due to the distributed filtering along the AR-HCF.

Bending the YDF is another common way to suppress HOMs in a multimode laser cavity.
However, the technique triggers nonlinear effects at high powers, by reducing the effective mode
area (Aeff) of the YDF [28]. Figure 3(a) shows calculated Aeff of LP01 mode at 1065 nm in the
LMA-YDF for different bending radii. The Aeff shows an obvious decrease when the bending
radius is smaller than 12.5 cm, which accompanies significant mode profile distortion as shown
in the insets. Figure 3(b) shows calculated HOMER (the ratio of the loss of LP11 to the loss
of LP01) induced by the 12.5 cm bending radius which is the smallest bending radius without
inducing noticeable mode distortion. The calculated loss is a combined value of the background
loss and bending loss. The HOMER gradually increases from 1010 nm and reaches 2.1 at 1100
nm, but it is too low to achieve sufficient suppression of the HOM. In contrast, the HOMER
in AR-HCF is above 1200 over the entire Yb-emission band as shown in Fig. 3(c). The high
HOMER and the wavelength insensitive feature clearly highlight the superior performance of
AR-HCF as an effective solution to facilitate a fundamental-mode operation in a multimoded
fiber cavity over a range of wavelengths.
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Fig. 3. (a) Calculated Aeff of LP01 mode at 1065 nm in LMA-YDF-25/250-VIII fiber with
different bending radii. (b) Calculated HOMER (α11/α01) (at left Y axis) and calculated loss
of LP01 mode (at right Y axis) in 12.5 cm radius bent LMA-YDF-25/250-VIII from 1010 nm
to 1100 nm. (c) Calculated HOMER(α11/α01) (at left Y axis) and calculated propagation
loss of LP01 mode (at right Y axis) in designed AR-HCF from 1010 nm to 1100 nm.

3. Experiment results

The AR-HCF was fabricated by the standard stack and draw method. The scanning electron
microscopy (SEM) image of the fabricated AR-HCF is shown in Fig. 4(a). The parameters of
the fabricated AR-HCF are listed in Table 1. The capillaries have shrunk more than those in
the intended design due to insufficient pressurization while fiber is being drawn. As a result,
resonant coupling of LP11 core mode to dielectric modes is not complete in the fabricated fiber.
The propagation losses of the HOMs (LP11, LP21 and LP02) at 1065 nm are 1.2 dB/m, 2.5 dB/m,
and 14 dB/m respectively, which are lower than the in the original design. In addition, loss in the
LP01 mode is higher than that in the designed fiber (0.11 dB/m). Thus, a longer AR-HCF was
necessary to suppress HOMs at the cost of higher LP01 mode loss than in the AR-HCF employed
in the simulation (Fig. 2(c)).

Fig. 4. (a) SEM image of the cross section of the fabricated AR-HCF; (b) Transmission
spectrum of the AR-HCF. The peak at ∼1060 nm originates from the supercontinuum
source used in the measurement; (c) Longitudinal view of spliced section under an optical
microscope; (d) SEM image of the cross-section of a broken splice point.

The measured transmission spectrum of the 3 m-long AR-HCF with a supercontinuum source
and an optical spectrum analyzer (Yokogawa AQ6373B) is shown in Fig. 4(b); the fiber has
a broad transmission band from 1000 nm to 1200 nm which covers entirely the Yb-emission
band. The AR-HCF were cleaved using Fujikura CT-106 with a cleaving angle of 0.2°–0.3°.
The LMA-YDF and AR-HCF were spliced by a commercial CO2 laser-based glass processing
station Fujikura LZM 100, using an in-house recipe [35]. Figures 4(c) and (d) show the optical
microscope image of the longitudinal view of the splice section and SEM image of the transverse
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Fig. 5. Configuration of 1065 nm fiber laser based on 6 m multimode LMA-YDF in loose
condition (a) without AR-HCF in cavity; and (b) with 9 m AR-HCF integrated into the
cavity.

cross-section of the broken splice point, respectively, confirming that the fine structure in
the AR-HCF is well-preserved after splicing. The coupling loss of fundamental mode from
LMA-YDF to AR-HCF is 0.4 dB and the Fresnel reflection at the glass air interface is expected to
be 3.3%. Since the experiment configuration is a 4%−100% linear cavity with the high reflection
mirror, the Fresnel reflection at the interface is negligible.

To investigate the performance of the AR-HCF as a spatial mode filter, we established a
1065 nm laser cavity employing 6 m-long LMA-YDF loosely bent at >50 cm bending radius to
prevent fiber bending-induced HOMs suppression. The configuration of the fiber laser cavity is
shown in Fig. 5(a). The LMA-YDF was cladding pumped by a 975 nm laser diode with pigtailed
fiber (105 /125 µm) output. Dichroic mirrors DM1 and DM2 were used for directing the pump
light into the LMA-YDF and outcoupling the generated 1065 nm laser signal for characterization,
such as the beam quality measurement and power measurement. The 6 m-long Yb-doped fiber is
sufficient for ∼99% of pump power absorption. The output signal is sent back into the laser cavity
by a high reflection mirror (HR) after a lens. The pump end facet of the fiber was flat cleaved to
form 4% feedback. In a separate set of measurements, a 9 m-long AR-HCF was incorporated in
the laser cavity as shown in Fig. 5(b). The AR-HCF was spliced to the loosely coiled LMA-YDF.

Lasing performances of the two cavities are investigated using a 50 W wavelength stabilized
laser diode. Figure 6(a) shows the measured beam quality from the cavity without the AR-HCF.
The mean M2 is measured as 1.97 at the maximum pump power. However, in the cavity containing
the AR-HCF, this is improved to 1.30, as shown in Fig. 6(b). The beam quality improvement
is visually noticeable in the beam profiles as presented in the insets. These results signify the
role of AR-HCF as a spatial mode filter, enabling beam quality enhancement in a multimode
LMA-YDF cavity, as expected theoretically in Section 2. Figure 6(c) shows the lasing efficiency
of the laser cavities with and without the AR-HCF. The laser cavity without AR-HCF (blue
dots) is characterized by a slope efficiency of 88% with respect to the launched pump power. In
contrast, the slope efficiency of the cavity with AR-HCF (red dots) is measured as 77%. The
reduction of the efficiency (hence, the output power) is attributed to considerable LP01 mode
loss accumulated during the round trip along the 9 m-long AR-HCF. The propagation loss of
LP01 mode is higher in the fabricated fiber than the theoretical value (∼0.11 versus 0.023 dB/m),
caused by structural asymmetry as found in Fig. 4(a). Moreover, the low HOMER of 11 in the
fiber made it necessary to use a long length (9 m) to filter out the HOMs, causing ∼2 dB loss
for the LP01 mode. Consequently, the loss caused by the fabrication imperfection led to the
reduction in the lasing efficiency. We note that the 9 m length was close to the best compromise
between the beam quality and laser efficiency. It should be also noted that the temperature at the
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splicing point did not rise during the experiments, confirming the natural mode selection via the
AR-HCF as a distributed spatial filter, which otherwise would result in a temperature increase
at the splicing point due to the HOMs losses. A linear relationship the output power with and
without the AR-HCF as shown in Fig. 6(d) reaffirms the loss-driven natural selection of the LP01
mode in the cavity with AR-HCF. It is worth noting that fabrication of AR-HCFs with a lower
LP01 mode loss (∼0.075 dB/m) and higher HOMER (∼107) is practical [38], which will improve
the laser efficiency to the level that is expected in the numerical study. Thus, our experimental
results serve as a proof of concept for the role of AR-HCF as a mode cleaner in the laser cavity.

Fig. 6. (a) Measured beam quality and beam profile (insets) at the maximum lasing power
(a) cavity without AR-HCF; (b) cavity with AR-HCF integrated inside; (c) Laser output
power versus launched pump power, blue dots and blue line represent the cavity without
AR-HCF, and red dots and red line represent the cavity with AR-HCF; (d) 1065 nm lasing
power from the cavity with AR-HCF versus that from the cavity without AR-HCF.

We investigate the mode selection by the AR-HCF at a higher power level. A 115 W wavelength
un-stabilized 975 nm laser diode replaced the wavelength stabilized 50 W pump source in the
setup presented in Fig. 5. The same lengths of LMA-YDF and AR-HCF as in Fig. 5 were used in
the experiments. Because of the pump wavelength shift, the 6 m long YDF turned out to be not
optimum. However, this did not interfere with our comparative study. As presented in Figs. 7(a)
and (b), we were able to obtain a beam quality improvement from the mean M2 value of 2.09
to 1.39 also with the higher power. Linear increase of the output power was also observed as
presented in Fig. 7(c). More importantly, Fig. 7(d) shows that the output powers from the two
cavities are linear with the same slope as in Fig. 6(d). The consistency in experimental results
suggests that the technique can be applied to higher power lasers. The LMA YDF we adopted
in this work is a standard fiber (25 µm core diameter) used for kW level lasers. Further scaling
in a LMA step-index fiber requires a larger core to mitigate thermal and non-linear limits as
studied in [39]. For example, a 60 µm core diameter theoretically can support 10 kW lasing
power under a diode pumping configuration [39]. The larger core is unfortunately more liable to
higher-order mode excitation. With the advent of larger core AR-HCFs (up to 60–65 µm core
diameters [40,41]), we believe that our result provides a feasible approach to reach the theoretical
maximum power from a single fiber. It is worth noting that the improved beam quality of 1.39
was limited by deviation of the fabricated AR-HCF from the optimized design. There is a clear
prospect of better beam quality improvement.
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Fig. 7. (a) Measured beam quality and beam profile (insets) at the maximum lasing power
(a) cavity without AR-HCF; (b) cavity with AR-HCF integrated inside; (c) Laser output
power VS launched pump power, blue dots and blue line represent a laser cavity without
AR-HCF, and red dots and red line represent a laser cavity with AR-HCF; (d) 1065 nm lasing
power from cavity with AR-HCF VS 1065 nm lasing power from cavity without AR-HCF.

4. Conclusion

In conclusion, we proposed a method for fundamental mode operation assisted by AR-HCF,
which was incorporated in a multimode fiber laser cavity. The AR-HCF works as a mode cleaner,
which relies on its inherent high HOMER. The concept of this technique was demonstrated in
a multimoded LMA-YDF cavity. A beam quality factor improvement from 2.09 to 1.39 was
achieved in a 57.7 W linear laser cavity. Further improvement is achievable by refining fabrication
of the AR-HCF. This technique has the potential to be extended to a variety of multimode lasers at
any operating spectral band beyond the YDF in a monolithic configuration. It can be a promising
solution to maintain near-diffracted-limited laser operation in a high power fiber laser even with
the onset of transverse mode instability.
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40. D. Dobrakowski, A. Rampur, G. Stępniewski, D. Pysz, L. Zhao, Y. Stepanenko, R. Buczyński, and M. Klimczak,
“Femtosecond pulse delivery around 1560 nm in large-core anti-resonant fibers,” J. Opt. Soc. Am. B 11456, 1145607-1
(2020).

41. B. Debord, M. Alharbi, T. Bradley, C. Fourcade-Dutin, Y. Y. Wang, L. Vincetti, F. Gérôme, and F. Benabid,
“Hypocycloid-shaped hollow-core photonic crystal fiber Part I: Arc curvature effect on confinement loss,” Opt.
Express 21(23), 28597–28608 (2013).


