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Abstract: We propose a HCF-based component with the capability of suppressing HOMs. This
component consists of a segment of SMF (working as a filter fiber to mitigate HOMs) which is
fusion spliced with a section of GRIN fiber (working as a mode-field adaptor). We present the
component design and illustrate 4 different situations where this component can be applied based
on customized requirements/applications. The proof-of-concept experiment has been carried
out to quantitatively and qualitatively characterize its HOM suppression ability. The results
demonstrate that this component can suppress LP11 mode by 4.5 dB and 14 dB when the angle
misalignment is 0◦ and 1.1◦, respectively. In practical systems, angle misalignment is a common
issue with HCF coupling which is based on free-space optics, this mode-cleaning component
provides an approach to effectively and conveniently achieve modal discrimination, as well as
offering a sealed compact and alignment-free HCF-based fiberized link with low connection loss.
Furthermore, we glued the component with the HCF to realize HCF end-capping, which prevents
occurrence of contamination on the HCF end-facet and enables stable operation without the need
to cleave the end-facet.

© 2023 Optica Publishing Group under the terms of the Optica Publishing Group Publishing Agreement

1. Introduction

Hollow-core optical fibers (HCFs) have many unique properties such as broad and adjustable
transmission windows [1], high damage threshold [2], low non-linearity in combination with
low chromatic dispersion [3, 4], exceptional polarization purity [5], etc. These properties are of
interest in a broad range of applications, for example, optical communications [6], high-power
laser delivery [7], Raman spectroscopy in gas-filled HCFs [8], or fiber-based gas lasers [9].

In many currently-studied applications such as high-power laser delivery [7] or gas-filled
HCF lasers [9], light is often coupled into the HCFs from a free-space beam. This generally
requires a hermetic seal of the HCF end-faces to maintain the gas composition inside and to
prevent HCF end-face degradation with time [10]. Additionally, unwanted cross-coupling into
HCF’s higher-order modes (HOMs) often needs to be controlled. This is because excited HOMs
can cause multi-path interference, which causes effects such as time-dependent output beam
deformation, undesired in applications such as material processing with the laser beam.

Today, gas composition inside the HCF is typically controlled using small gas chambers at the
input and output with a window enabling in and out-coupling of the light from it via a free-space
beam. Such solution is also commercially available, e.g., from GLOphotonics, France. An
alternative is end-capping HCF to avoid contaminants entering its microstructure and to protect
it from dust or debris [11]. The first all-fiber based gas cavity was demonstrated in 2021, by
splicing silica end-caps on both sides of an antiresonant HCF to achieve stable transmission
efficiency and heat treatment during high-power laser delivery [9]. In these configurations,
unwanted cross-coupling into/from HCF’s HOMs is challenging, requiring good control of the
input beam size and shape and also perfect alignment of the beam in respect to the HCF, ideally
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in all 5 degrees of freedom (x,y,z, pitch, and yaw). These requirements would be strongly relaxed
when using an end-cap with mode-cleaning capabilities.

In this paper, we propose an HCF end-cap with reduced unwanted cross-coupling into/from
HOMs. Additionally, it can be customized to accommodate a range of input/output beam
mode-field diameters (MFDs). It contains a short segment of a single-mode fiber (SMF) as a
mode filter which is fusion spliced with two graded index (GRIN) multimode fibers on both
input and output sides for MFD adaptation. The GRIN length can be flexibly tailored to be at or
longer than 1/4 pitch length [12] to realize MFD adaptation to the used HCF and achieve low
connection loss. It is anti-reflective (AR) coated on both end-facets and glued with HCF. Unlike
splicing, gluing does not degrade the AR coating or the HCF end-faced microstructure and can
be designed to include gas inlet/outlet [13].

In the proof-of-principle demonstration, the prepared component was 8 mm long, including
7-mm SMF and about 1-mm GRIN length in total. The component achieved insertion loss of
0.42 dB, which did not degrade when we glued it on the end-face of the HCF. We tested the
suppression of the HOM coupling considering input beam perfectly-aligned (x,y,z, pitch and
yaw) and also position and angle misaligned, demonstrating its mode-cleaning capabilities. For
example, the input beam with angle misalignment as small as 1.1◦ led to LP11 cross-coupling as
high as -13 dB (5%) when no mode-cleaning components was used. This was reduced when
using our mode-cleaning end-cap by 14 dB to an acceptable level of -27 dB (0.2%). Even for a
perfectly-aligned beam, the LP11 cross-coupling was reduced by 4.5 dB when using the mode-
cleaning end-cap, most likely due to imperfect symmetry of the input beam. Such mode-cleaning
end-capping solution thus significantly improves robustness of HCF systems with free-space
launch, as it relaxes requirements on the input beam quality or its alignment in respect to the
HCF, e.g., making x,y,z alignment acceptable in situations where full 5-axis alignment would be
otherwise needed.

2. HOMs in HCFs

Modern HCFs are ’effectively single-moded’, meaning they are multimoded, but engineered
to have very high differential attenuation between the fundamental mode and HOMs. The
lowest-attenuated HOMs (typically LP11 and LP02) can have attenuation in 100s to 1000s of
dB/km [14], making any light coupled into HOMs significantly attenuated after propagation
through 10s to 100s of meters in the HCFs. However, many applications require similar or shorter
lengths, e.g., laser power/pulse delivery demands often 10s of meters long. Similar or shorter
lengths are used in gas sensors. Coupling into HOMs are undesired, as it causes multi-path
interference at the output, distorting the beam in time, spectrum, and space. This distortion
often changes in time, as it is caused by the modal interference that strongly depends on the
fiber perturbations such as changing temperature or acoustic pick up [15,16]. The multi-path
interference can be strongly suppressed by reducing cross-coupling into the HOMs at the HCF
input or cross-coupling from the HOMs at the HCF output or both for the best performance.
Indeed, besides coupling at the HCF ends, there is also an inter-modal coupling inside the
HCF, which is, however, relatively weak, e.g., -50 dB/km and -33 dB/km in two different HCFs,
respectively, shown in [17].

The cross-coupling into HOMs at the HCF input is caused by mismatch of the input beam size
(MFD) and shape with that of the HCF. It also increases due to any misalignment in any of the 5
degrees of freedom. At the HCF output, light propagating in the HOMs can be eliminated from
the output beam, e.g., by placing a mode-cleaning component that typically re-direct the energy
carried by HOMs, reducing the multi-path interference in the far field. All this is illustrated
in Fig. 1, where Fig. 1(a) shows cross-coupling into HOMs at the HCF input, while Fig. 1(b)
illustrates how multi-path interference between HOMs and the fundamental mode distorts the
output beam. The cross-coupling into HOMs can be suppressed by employing a mode-cleaning
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Fig. 1. (a) HOMs excitation as a consequence of imperfect launch through free-space
optics. (b) Modes interfere at the HCF output, causing output beam distortions. (c)
HOM cross-coupling is reduced with the mode-cleaning end-cap at the HCF input. (d)
Mode-cleaning end-cap at the HCF output filters excited HOMs, making output beam
symmetric and time-stable.

end-cap at the HCF input (Fig. 1 (c)). The same device at the output, Fig. 1 (d), can improve
the output beam quality. Ideally, mode-cleaning end-cap can be put on both sides for the best
performance.

3. Mode-cleaning end-cap: principle of operation and design

Four configurations of the proposed mode-cleaning end-cap are depicted in Fig. 2 (a - d). All four
configurations contain a short segment (several mm) of SMF for mode-cleaning, fusion spliced
with a GRIN fiber at the output to adapt the MFD between the SMF and the used HCF. Optionally,
there can be another GRIN fiber segment spliced at the input to match the input beam MFD. A
large input MFD (MFD larger than that of the HCF) can be achieved in the third configuration
(Fig. 2c), which may be desired, e.g., when working with high power beams, as larger input
MFD reduces the power density at the input, increasing the damage threshold, especially in the
presence of dirt or dust that can be present at the input surface. A small MFD at the input can be
of interest, e.g., when coupling light directly from a laser or an integrated optics chip (Fig. 2d),
which typically have smaller MFD than standard single-mode fiber.
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Fig. 2. Various configurations of mode-cleaning end-cap designs, all including a short
segment of an SMF and one or two GRIN mode-field adapters spliced to it. (a) Output
GRIN adapts MFD to that of the used HCF, (b) identical GRINs on both SMF sides for
coupling of beam with MFD identical to that of the used HCF, (c) and (d) input GRINs
optimized for larger (c) and smaller (d) MFD than that of the SMF, chosen according to
specific requirements.

Figure. 2 (a) thus presents the simplest design with input MFD corresponding to the MFD of



the SMF. Figure. 2 (b) shows configuration with equal input and output MFDs, and Fig. 2 (c) and
(d) are the most general with the input MFD larger (c) or smaller (d) than the output MFD by
using different types of GRIN at the input and output.

The GRIN section that is typically 1/4 pitch long (100s of micrometers to millimeters long)
works as a mode-field adapter (MFA) [18]. Its schematic representation is depicted in Fig. 3
(a). The desired mode-field size adaptation can be controlled coarsely via choice of the GRIN
fiber, e.g., GRIN OM2, GRIN 100, 200, and 300 (from Berkshire Photonics, USA) provide
MFD adaptation between 10 µm of SMF (here, G.657 type) to 22 µm, 31 µm, 90 µm, 116 µm,
respectively when operated at 1/4 pitch [19]. Fine adjustment to accurately adapt the MFD
between the SMF and the used HCF can be then achieved via fine control of the GRIN length and
the GRIN-HCF gap [19], as shown in Fig. 3 (b). Thanks to sinusoidal guidance pattern of GRIN
lens (one period is referred to as pitch length), the GRIN output beam converges first when the
GRIN length is slightly longer than 1/4 pitch. Subsequently, it reaches a focal point (beam waist)
where the beam is collimated and optimum coupling can be obtained if HCF is placed at this
point and if the focal MFD matches the MFD of the HCF.
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Fig. 3. Schematic representation of our mode-field adaptation design as a function of
GRIN length.

4. Proof-of-concept device

In a proof-of-concept experiment, we prepared the mode-cleaning end-cap with identical GRINs
on both sides (Fig. 2b). Subsequently, we characterized its performance in detail, and finally
performed its permanent connection (gluing) with an HCF to demonstrate a functional end-cap.

The used HCF was 3-m long double nested antiresonant nodeless hollow-core fiber (DNANF) [20]
with measured core size of 31.2 µm and its estimated fundamental mode MFD is 21.8 µm as
typically the coupling into LP01 mode is maximized when the input beam is around 70% of the
core diameter [21]. The scanning electron micrograph (SEM) of used HCF end facet is shown in
Fig. 4. The loss for the fundamental mode at 1550 nm was measured to be 0.23 dB/km using
cut-back method and the confinement loss of LP11 and LP02 modes was calculated [22] to be
600 dB/km and 2000 dB/km, respectively. The coupling and cross-coupling from a Gaussian
mode with MFD matching that of the HCF fundamental mode was calculated to be 0.126 dB,
-31.2 dB and -21.8 dB, respectively.



For GRIN, we used GRIN100 (Berkshire Photonics, USA), which based on our simulations [19]
should generate MFD of 31 µm when its length is 1/4-pitch long. This is slightly larger than the
MFD of the used DNANF. For better MFD adaptation, we used the method described in [19],
shown in Fig. 3 (b). It uses GRIN that is slightly longer than 1/4 pitch, which makes the output
beam to converge before reaching a focal point. MFD at this focal point depends on the GRIN
length, enabling us to obtain desired MFD via control of the length of the used GRIN. We
calculated and simulated that GRIN100 length of 465 µm (0.3 pitch) provides the desired MFD
of 21.4 µm (close to the estimated MFD of the used HCF of 21.8 µm) at ∼ 200 µm distance from
the GRIN end facet (shown in Fig. 3b).

To prepare the mode-cleaning end-cap, we first spliced GRIN100 on both ends of a 7-mm long
SMF (G.657 type) and polished the two GRINs into the desired length of 0.3 pitch. The 7-mm
length of the SMF should be enough to provide the mode-cleaning, while it is short enough to
avoid any undesired effect that could distort the signal due to linear and non-linear effects.

After collecting all measurement results without the mode-cleaning end-cap described below,
we glued this component to the HCF using recipe described in [13]. This gluing process
introduced negligible additional loss (within measurement accuracy of 0.01 dB) and provided a
permanent, sealed connection.

5. Experimental setup and measurement procedures

Figure. 4 presents the experimental setup used for insertion loss and HOMs cross-coupling
measurement. We elaborate on our technique to evaluate HOM coupling later. In the setup, light
from a broadband source (1525 nm–1575 nm) was delivered via an SMF pigtail. It was then
coupled into the HCF by virtue of 3 different means, shown in Fig. 4 (a-c), respectively. At the
HCF output, light was coupled into the output SMF via a MFA and then analyzed using a power
meter (PM) or optical spectrum analyzer (OSA). Reference power and spectral transmission were
taken by splicing the source SMF pigtail with the output SMF.

The alignment at the HCF input and output used 5D stages (Thorlabs NanoMax MAX313D/M
with pitch and yaw tilt platform APY002/M) to obtain minimum-possible coupling loss of the
fundamental mode as well as to enable controlled misalignment.

The studied interface is highlighted with the green dashed boxes in Fig. 4 (b-c). To obtain a
free-space, collimated input beam, we used a collimator with an aspheric lens with focal length
of 18.75 mm (Thorlabs, MODEL). The collimated beam then entered into the studied interface
(highlighted in green dashed box). Here, it was focused into the HCF directly (Fig. 4b) or via the
mode-cleaning end-cap (Fig. 4c) using 40 mm focal length aspheric lens (Thorlabs, MODEL).
This configuration imaged the 10 µm MFD of the SMF into a spot size of 40/18.75*10 µm =
21.3 µm, which is close to the MFD of the used HCF of 21.8 µm.
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Fig. 4. Experimental setup for characterizing insertion loss and cross-coupling into
HOMs. (a) Cross-coupling characterization of the used MFA by using identical MFAs
at both ends, (b) characterization of HOMs cross-coupling using free-space light launch,
and (c) HOMs cross-coupling characterization using free-space light launch via the
mode-cleaning end-cap. Green dashed box: the studied interface. Inset: scanning
electron micrograph (SEM) of used HCF.

5.1. HOM cross-coupling evaluation

In our experimental setup (Fig. 4), part of the input light is cross-coupled into HOMs at the HCF
input, where they propagate with phase velocity different to that of the fundamental mode, and
then cross-couple back into the output SMF, where they cause multi-path interference with the
fundamental mode. This situation is represented in Fig. 5, where the upper branch represents
HOM path, while the lower branch represents the fundamental mode path. The transmission
characteristics are then calculated as follows.

At the HCF input, we couple light into the fundamental mode with coupling coefficient 𝑠1 and
into the HOMs with coupling coefficient 𝑐𝑚1, where m is the order of HOMs:

𝐸0 (0) = 𝐸𝑖𝑛𝑠1, 𝐸𝑚1 (0) = 𝐸𝑖𝑛𝑐𝑚1, (1)

where 𝐸𝑖𝑛 is the input electric field signal, 𝐸0 is signal coupled into the fundamental mode and
𝐸𝑚1 is the signal coupled into the mth HOM. At the output of an HCF of length 𝐿, these modes
accumulate different phases as they have different effective refractive indices, having electric
filed of:
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Fig. 5. Schematic representation of multi-path interference between fundamental mode
and HOM in a multimoded HCF.
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where 𝑛𝑒 𝑓 𝑓 0 and 𝑛𝑒 𝑓 𝑓 𝑚 are the effective refractive indices of the fundamental mode and mth

HOM, respectively. Here, we also considered attenuation of these modes to be 𝛼𝑚 in power
(√𝛼𝑚 for electric field). Finally, they couple into the output with the fundamental mode coupling
coefficient of 𝑠2 and HOM cross-coupling coefficients of 𝑐𝑚2. The total (summed) field at the
output is then:
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where Δ𝑛𝑚 = 𝑛𝑒 𝑓 𝑓 0 − 𝑛𝑒 𝑓 𝑓 𝑚. The first term represents the transmission of the fundamental
mode, the second term shows beating between the fundamental mode and each HOM. We do not
show the last term corresponding to beating between HOMs, as it is significantly smaller than
the first two terms when considering predominantly fundamental mode launch, i.e., 𝑠1 ≫ 𝑐𝑚1,
𝑠2 ≫ 𝑐𝑚2. Moreover, we can neglect the transmission loss of the fundamental mode as 𝛼0 ≪ 𝛼𝑚.
Thus,
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The beating between the fundamental mode and each HOM (2nd term) happens at different
beating frequencies. Consequently, Fourier transform of Eq. 5 contains peaks at zero frequency
(i.e., DC component, the peak amplitude represents 𝑠2

1𝑠
2
2) and the beating frequencies (i.e.,

2𝜋
𝜆
Δ𝑛𝑚𝐿), enabling us to isolate amplitude of the beating between the fundamental mode and

each of the HOMs. Using 𝑛𝑒 𝑓 𝑓 0 and 𝑛𝑒 𝑓 𝑓 𝑚 obtained from simulations [18], we can then identify
which peak corresponds to which HOM. As follows from Eq. 5, this beating is proportional to
𝑠1𝑠2𝑐𝑚1𝑐𝑚2, while transmission power is proportional to 𝑠2

1𝑠
2
2. This analysis is an extension of

that presented in [18], where only symmetric situation (𝑐𝑚1 = 𝑐𝑚2, 𝑠1 = 𝑠2) was considered.
The above analysis shows us that we can measure product of the coupling 𝑠1𝑠2 and subsequently

also cross-coupling coefficients 𝑐𝑚1𝑐𝑚2 at both interfaces, but not directly 𝑐𝑚1 and 𝑐𝑚2, which
is desired to characterize a single interface, which we are interested in here. To obtain the
cross-coupling coefficients at a single interface, we used the following measurement sequence.

Firstly, we used the same output MFA during all the measurements, as illustrated in Fig. 4.
Subsequently, 𝑠2 and 𝑐𝑚2 stayed constant during all the characterization. To find values of 𝑠2 and
𝑐𝑚2, we used set-up shown in Fig. 4a in which we used an identical MFA at the input side to that
used at the output side, obtaining 𝑐𝑚1 = 𝑐𝑚2, 𝑠1 = 𝑠2. The above analysis enabled us to extract
𝑠2

2 = 𝑠1𝑠2 and subsequently also 𝑐2
𝑚2 = 𝑐𝑚1𝑐𝑚2 and thus evaluate 𝑠2 and 𝑐𝑚2. This required

knowledge of the attenuation of the HOMs, which we mentioned earlier to be 0.23 dB/km,
600 dB/km, 2000 dB/km for the LP01, LP11 and LP02 modes, respectively. Subsequently, we
used free-space coupling directly into the HCF (Fig. 4b). The fundamental mode coupling 𝑠1
and HOM cross-coupling 𝑐𝑚1 were evaluated using above analysis that gave us quantities of
𝑐𝑚1𝑐𝑚2 and 𝑠1𝑠2. As we have already evaluated 𝑠2 and 𝑐𝑚2 using setup in Fig. 4a, we were able
to obtain the desired coupling 𝑠1 and cross-coupling 𝑐𝑚1. After optimizing fundamental mode
launch using all 5 degrees of freedom, we introduced controlled misalignment in the x-axis and
launch angle and measured the insertion loss and HOM cross-coupling. Finally, we inserted
the mode-cleaning end-cap (Fig. 4c) and repeated the measurements performed without the
mode-cleaning end-cap.

5.2. Device characterization

Figure. 6 presents the measured transmission spectra for direct free-space launch (a-c) and through
the mode-cleaning end-cap (d-f), including optimum angle alignment (a,d), angle misalignment
by 0.55◦ (b,e) and 1.1◦ (c,f), all for optimum x,y,z alignment (blue), and misalignment in the
x-axis by 2 (red), 4 (yellow), 6 (violet), and 8 µm (green).

We can see that the insertion loss increases with the misalignment of the x-axis or the angle. In
the most extreme misalignment studied case (1.1◦ angle offset and 8 µm), it corresponds to about
3 dB degradation in respect to the perfectly-aligned case. The beating between the fundamental
mode and HOMs manifest itself as spectral ripples. We see that amplitude of the spectral
ripples is almost invisible for perfect alignment (both, with and without the mode-cleaning
end-cap), but increases with the angle and x-axis misalignment. This increase is visibly smaller
when mode-cleaning end-cap is used, e.g, the peak-to-bottom ripple amplitude for 1.1◦ angle
misalignment and perfect x,y alignment is 0.2 dB without and 0.1 dB with the mode-cleaning
end-cap, clearly showing its mode-cleaning capabilities.

To evaluate mode-cleaning capabilities quantitatively, we evaluated first 𝑐𝑚2 and 𝑠2 obtained
using setup shown in Fig. 4 (a). We obtained fundamental mode coupling loss of -0.13 dB
[calculated as 10 log(𝑠2

1), 𝑠
2
1 = 0.97], cross-coupling into LP11 and LP02 modes of -34.6 dB and

-27 dB, respectively. These values are in good agreement with simulations considering the MFD
produced by the MFA matches that of the used HCF. The predicted cross-coupling are -0.126 dB,
-31.2 dB and -21.8 dB into the fundamental, LP11 and LP02 modes, respectively. In the next step,
we extracted coupling and cross-coupling coefficients from the measured data (Fig. 6) using the
above-discussed analysis.



Fig. 6. Transmission spectra using direct free-space launch with angle offset of (a) 0◦,
(b) 0.55◦, and (c) 1.1◦; transmission spectra when launching through the mode-cleaning
end-cap with angle offset of (d) 0◦, (e) 0.55◦, (f) 1.1◦. The blue, red, yellow, violet,
and green curves represent x-axis misalignment of 0 µm, 2 µm, 4 µm, 6 µm and 8 µm,
respectively.

Figure. 7 presents the cross-coupling into LP11 (a, b) and LP02 (c, d) mode respectively, com-
paring the performance with and without the mode-cleaning end-cap, under angle misalignment
of 0◦ (a, c) and 1.1◦ (b, d), and distance misalignment of 0 to 8 µm.

In Fig. 7 (a), we can see that under optimum alignment (0◦ angle and 0 µm offset), the
cross-coupling into LP11 mode reduced from -30.5 dB to -35 dB (4.5 dB improvement) with
the help of the mode-cleaning end-cap. We believe the degradation when not using the mode-
cleaning end-cap is due to a slight ellipticity of the input beam, perhaps due to an imperfect
telescope alignment. Such slight ellipticity is likely to happen in practice using free-space beams.
Furthermore, in Fig. 7 (a), we can see that the cross-coupling into LP11 mode increases with
distance misalignment. For example, the excitation of LP11 mode increased from -30.5 dB (under
optimum alignment) to -20 dB (under 8 µm distance misalignment). However, the cross-coupling
can be constantly suppressed by ∼ 4 dB assisted by the mode-cleaning end-cap.

Apart from distance misalignment, the LP11 mode excitation also increases with the angle
misalignment, which can be seen through the comparison between Fig. 7 (a) and (b). For
instance, at 1.1◦ angle misalignment with optimized distance alignment (0 µm offset), the
cross-coupling into LP11 mode boosted from -30.5 dB to -13 dB. In this case, by the virtue of
our mode-cleaning end-cap, the LP11 excitation was significantly reduced from -13 dB to -27 dB
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Fig. 7. Comparison of cross-coupling into LP11 mode with angle misalignment of (a)
0◦ and (b) 1.1◦; cross-coupling into LP02 mode with angle misalignment of (c) 0◦ and
(d) 1.1◦. Blue dots: without mode-cleaning end-cap, orange dots: with mode-cleaning
end-cap.

(14 dB improvement).
As for LP02 mode suppression (Fig. 7c and d), as the cross-coupling into LP02 mode is much

lower than LP11 mode, many of the measurements are close to noise level. We can observe visible
LP02 mode excitation only when the setup is under misalignment. For example, in Fig. 7 (d) with
angle offset of 1.1◦, LP02 mode excitation increases to -37 dB when the distance offset increases
to 8 µm. However, with the help of the mode-cleaning end-cap, it effectively suppressed LP02
mode below -40 dB.

In practical systems with free-space optics coupling, our component will be appreciated due to
its prominent capability of HOMs suppression when the angle misalignment is a common issue.



6. Conclusions

We propose a mode-cleaning component consists of a section (e.g., several millimeter long) of
SMF (works as a filter fiber and is responsible for mitigating HOMs), which is fusion spliced
with a short segment (e.g., hundreds of micrometer long) of GRIN fiber (serving as a mode-field
adaptor). This component can be tailored to adapt various HCFs with diverse categories and
dimensions. We illustrated the idea and presented 4 types of component designs based on
different requirements/applications, as well as carried out proof-of-concept experiments. The
results quantitatively and qualitatively demonstrated that this component successfully suppressed
LP11 mode by 14 dB when there is only 1.1◦ angle misalignment. In practical systems with
free-space optics coupling, angle misalignment is a common issue which can generate prominent
HOMs and incur unwanted multi-path interference. In this paper, we propose an effective and
convenient solution to tackle this issue, by customizing GRIN length of the component to adapt
the HCF and gluing the component with the HCF. Our component makes it possible to combine
the capability of suppressing HOMs and alignment-free compact HCF-based fiberized link with
low-loss connection.
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