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All-fiber highly efficient delivery of 2 kW laser
over 2.45 km hollow-core fiber

Jing Shi1,2,5, Binyu Rao1,2,5, Zilun Chen 1,2,5,6 , Zefeng Wang 1,2,5,6 ,
Guangrong Sun1,2, Zuying Xu3, Zhen Huang1,2, Peng Li4, Zihan Dong4, Min Fu1,2,
Xin Tian1,2, Baolai Yang1,2, Jian Zhang1,2, Zhiyue Zhou1,2, Tianyu Li1,2, Lei Zhang4,
Biao Shui3, Chenxin Gao1,2 & Jinbao Chen1,2,6

Anti-resonant hollow-core fibers have emerged as an important medium for
high-power laser delivery due to their low optical nonlinearity and high
damage threshold. However, current delivery systems of high-power laser
based on anti-resonant hollow-core fibers mainly rely on free-space optical
components, which limits long-term stability. Here, we report an all-fiber
delivery of 2 kW laser with 85.4% transmission efficiency over 2.45 km, using a
self-fabricated hollow-core fiber with a record low transmission loss of
0.168 dB/kmat 1080nm.Notably, weobserved thephenomenonof stimulated
Raman scattering amplified within the silica nested tubes for the first time. By
effectively suppressing the Raman noise from the laser source, we achieve an
all-fiber laser delivery without stimulated Raman scattering of silica glass. This
work marks a significant breakthrough in multi-kilometer and multi-kilowatt
power delivery that is potentially useful for industrial manufacturing, nuclear
decommissioning, laser drilling in oil and so on.

High-power fiber lasers have found extensive applications in industrial
processing,medical biotechnology, and scientific research1–3, owing to
their prominent advantages including excellent beam quality, high
conversion efficiency, compact structure, and effective thermal man-
agement. In recent years, fiber lasers have continuously developed4–6,
and significantly expanded their application domains. Meanwhile,
there is a growing demand for the flexible long-distance delivery of
high-power lasers. For instance,flexible long-distancehigh-power laser
delivery systems enable physical separation between laser sources and
workpieces, improving factory layout flexibility3. In nuclear decom-
missioning applications, such systems facilitate remote cutting of
radioactive structures, significantly reducing radiation exposure risks7.
For oil and gas exploration, the technology enables safer and more
precise subsurface laser drilling operations, providing a sustainable
alternative to conventional rock fragmentation methods8. However,

conventional solid-core fibers (SCFs) for laser delivery are limited by
the material damage threshold and nonlinear effects, which restrict
further increases in transmission power and length. For example, the
ytterbium-dopedfiber laser developedby Fujikura Ltd. demonstrates a
transmission length of 20mat 5 kWoutput power5, which decreases to
3m when the power is increased to 8 kW6. Anti-resonant hollow-core
fibers (AR-HCFs) provide a novel approach for addressing the limita-
tions of SCFs9–15, which emerges as an enabling tool for the flexible
long-distance delivery of high-power lasers.

AR-HCFs confine the propagation of light within an air-filled core
through a micro-structured cladding14. This design minimizes the
overlap between the light field and the surrounding silica glass to
approximately 10−5, significantly reducing optical nonlinearity and
enhancing the damage threshold16,17. Furthermore, with the develop-
ment of AR-HCFs18–22, the transmission loss of which has been

Received: 9 May 2025

Accepted: 8 September 2025

Check for updates

1College of Advanced Interdisciplinary Studies, National University of Defense Technology, Changsha, China. 2Nanhu Laser Laboratory, National University of
Defense Technology, Changsha, China. 3Everfoton Technologies Corporation Limited, Wuhan, China. 4State Key Laboratory of Optical Fiber and Cable
Manufacture Technology, YangtzeOptical Fiber andCable Joint Stock LimitedCompany (YOFC),Wuhan, China. 5These authors contributed equally: Jing Shi,
Binyu Rao, Zilun Chen, Zefeng Wang. 6These authors jointly supervised this work: Zilun Chen, Zefeng Wang, Jinbao Chen. e-mail: zilun2003@163.com;
zefengwang_nudt@163.com; kdchenjinbao@aliyun.com

Nature Communications |         (2025) 16:8965 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0009-0000-4776-8015
http://orcid.org/0009-0000-4776-8015
http://orcid.org/0009-0000-4776-8015
http://orcid.org/0009-0000-4776-8015
http://orcid.org/0009-0000-4776-8015
http://orcid.org/0000-0002-5044-5150
http://orcid.org/0000-0002-5044-5150
http://orcid.org/0000-0002-5044-5150
http://orcid.org/0000-0002-5044-5150
http://orcid.org/0000-0002-5044-5150
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-64073-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-64073-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-64073-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-64073-y&domain=pdf
mailto:zilun2003@163.com
mailto:zefengwang_nudt@163.com
mailto:kdchenjinbao@aliyun.com
www.nature.com/naturecommunications


comparable to that of SCFs. In C-band, AR-HCFs have achieved an
exceptionally low loss below 0.1 dB/km, establishing a new record23.
Notably, the laser operating in the 1 μm spectral band represents the
highest power level of fiber laser output, wherein existing literature
documents a transmission loss of 0.3 dB/km for AR-HCF24. These
combined properties render AR-HCFs particularly advantageous for
flexible long-distance delivery of high-power lasers. Notable demon-
strations include the delivery of 1 kW continuous laser over 1 kmwith a
loss of 0.74 dB/km25, narrow-linewidth laser delivery of 2.2 kW over
100m with a loss of 0.79 dB/km26, and 3 kW multimode laser delivery
over 100m with a loss of 3.27 dB/km27 based on AR-HCFs in the 1 μm
spectral band, proving the potential of AR-HCFs for flexible long-
distance delivery of high-power lasers.

However, existing high-power laser delivery systems based onAR-
HCFs mainly rely on free-space optical components26–30, which limits
long-term stability in dynamic environments. In addition, high-power
laser delivery introduces thermal lensing effects, which affect coupling
efficiency in spatial coupling27. In terms of all-fiber laser delivery sys-
tem, a delivery of 100W single-frequency laser power over a 100mAR-
HCF has been reported in 202431. However, the couplingmethod relies
onfiber alignment through afive-axis adjustment stage,which requires
precise operation. Moreover, the coupling position reaches a tem-
perature of 84.6 °C at an output power of 100.3W, preventing its
application in kilowatt-class laser delivery.

In this work, we demonstrate an all-fiber delivery of 2 kW laser with
85.4% transmission efficiency over a 2.45 km self-fabricated AR-HCF.
This represents a record transmission distance for high-power laser
delivery based on AR-HCFs. This achievement can be attributed to the
following four key factors: Firstly, the AR-HCF achieves a record low
transmission loss of0.168dB/kmat 1080nm;Secondly, a low-loss fusion
splicing is developed between AR-HCFs and anti-reflection-coated SCFs;
Thirdly, we observed the phenomenon of stimulated Raman scattering
(SRS) amplified within the silica nested tubes of AR-HCF for the first
time. By effectively suppressing the Raman noise from the laser source
byutilizing a chirpedand tiltedBragggrating (CTFBG),weachieve anall-
fiber laser delivery without SRS of silica glass. Lastly, an end cap spliced
with theoutputendof theAR-HCFprotects theoriginally barefiber facet
from contamination and damage. The all-fiber integrated configuration
constitutes a significant breakthrough, facilitating the transition of AR-
HCF technology from the laboratory to practical applications.

Results
Fiber design and fabrication
The high-power laser source used in this work is a commercial laser
source with a central wavelength of 1080nm, utilizing a SCF of 20/250
μm (core/cladding diameter) as the output fiber, which supports two
modes (LP01/LP11). In an all-fiber architecture, optimal coupling effi-
ciency requires mode field matching between AR-HCFs and SCFs.
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Fig. 1 | Characterization of the AR-HCF. a Cross section of the designed AR-HCF.
b Simulated losses of the LP01 (orange line) and LP11 (blue line)modes as a function
of D/Dc, d/D, and dn/d, respectively, for the AR-HCF with a core diameter of 28 μm.
The red box represents the actual parameters of the fabricated AR-HCF.
c Simulated the coupling losses of the LP01 (orange line) and LP11 (blue line)modes
between the SCF and the AR-HCF as a function of the core diameter of AR-HCF.
Insets show the LP01 and LP11 mode-field profiles of the SCF. The blue regions show
low-loss regions of the AR-HCFwith a core dimeter of 22-28 μm.d Simulated losses

of the LP01 (orange line) and LP11 (blue line) modes of the AR-HCF as a function of
wavelength. The two insets show the mode-field profiles of LP01 and LP11 modes of
the AR-HCF. e The bending loss of AR-HCF as a function of bending radius. The
insets show the fundamental mode-field profiles of AR-HCF at bend radii of 3 cm
and 8 cm, respectively. f Measured average transmission loss of the AR-HCF
(orange line): from 1080mto20mand from 1060mto20m; simulated LP01-mode
transmission loss of the AR-HCF (blue line). The inset shows SEM image of the bare
fiber cross-section.
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Therefore, we designed an AR-HCF with a modal field matching with
the SCF of 20/250 μm. Furthermore, the designed AR-HCF could
exhibit low transmission losses for both the LP01 and LP11 modes to
ensure efficient power delivery.

The five-tube nested AR-HCF exhibits broader anti-resonant
bandwidth, lower transmission loss, and higher mode extinction
ratio relative to designs incorporating six or more nested tubes32. This
architecture previously achieved a record low transmission loss of
0.3 dB/km in the 1 μm spectral band24. In addition, recent studies
indicate that increasing the number of nested tubes can effectively
suppresses cladding-mode coupling, thereby reducing transmission
loss15. Based on these studies, we designed a five-tube double-nested
AR-HCF. The schematic diagram of the structure of the AR-HCF is
shown in Fig. 1a, specifying the core diameter (Dc) and the diameters of
the double-nested tubes (D, d, and dn). We simulated the loss of the
LP01 and LP11 modes considering leakage loss, bending loss, surface
scattering loss andmaterial absorption loss. To achieve low loss of the
LP01 and LP11 modes in the AR-HCF, we conducted univariate optimi-
zation using systematic finite element analysis (FEA), as shown in
Fig. 1b. It can be observed that when the parameter D/Dc satisfies
greater than 0.9, the losses of the two modes stabilize. Furthermore,
the modal losses exhibit a non-monotonic dependence on the scaling
ratios between diameters of the adjacent tube: d/D and dn/d, where an
optimal range exists. Across the studied ranges (0.66 ≤d/D ≤0.78, 0.39
≤ dn/d ≤0.69), the LP01 and LP11 modes demonstrate losses below
0.05 dB/km and 0.14 dB/km, respectively. This occurs because
undersized secondary/ tertiary layers weaken anti-resonant confine-
ment, causing substantial optical leakage and increased propagation
loss. Conversely, oversized layers make adjacent nested tubes too
close, inducing resonances that degrade transmission performance
and consequently increase transmission loss. The blue regions in
Fig. 1b show the low-loss regions with optimal parameters, providing a
relatively large range for drawing fibers. The red box represents the
parameters of the fabricated AR-HCF.

Under high-power laser delivery, mode field matching is critical,
as mode field mismatches can induce significant coupling loss,
localized heating at fusion points, and even potential system failure.
Figure 1c shows the coupling losses of the LP01 and LP11 modes
between the SCF and the AR-HCFwith core diameters of 18-32μm. The
coupling loss at the butt-coupled interface can be calculated as33
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Here, the vectors Ei and Et represent the transverse electric fields of the
fundamental mode in the SCF and the AR-HCF, respectively. The LP01
and LP11 mode-field profiles of the SCF and the AR-HCF were simulated,
as shown in the insets of Fig. 1c, d. Due to the imperfect symmetry of the
LP11modefield in thefive-tubenestedAR-HCF, its coupling losswith the
LP11 mode supported in SCF is higher than that of the LP01 mode.
Simulations indicate that within theDc range from 22 to 28 μm, the LP01
mode coupling loss is below 0.2 dB and the LP11 mode coupling loss is
less than 0.4 dB. Theoretical analysis indicates that increasing the core
diameter of AR-HCFs can effectively reduce the overlap between the
mode field and the nested tubes, thereby suppressing the Raman gain
coefficient (see Supplementary Note 5 for simulation results). There-
fore, this study employs a core diameter of 28 μm. Table 1 shows the
parameters of the fabricated AR-HCF. The thickness of the nested tubes

is around 1.3 μm, which places the target wavelength of 1080nm in the
anti-resonance region of the third window34.

The simulation result of the LP01 and LP11 mode losses is shown in
Fig. 1d under fabricated parameters. The entire area in Fig. 1d is divided
into an anti-resonant region (blue) where the LP01 and LP11 modes
maintain losses below 1dB/km, and a resonant region (orange). At the
wavelength of 1080nm, the loss of LP01mode is ~ 0.05 dB/km,while the
LP11 mode is ~ 0.13 dB/km. The insets in Fig. 1d showmode-field profiles
of LP01 and LP11 core modes of the AR-HCF. Figure 1e presents the
simulated bending losses for both x-polarization and y-polarization in
the ±X-direction. The results demonstrate excellent bending resistance,
with loss maintaining stability at bending radii ≥5 cm. The insets in
Fig. 1e show simulated mode-field profiles of AR-HCF at bend radii of
3 cmand 8 cm. Figure 1f shows the average transmission loss,measured
over lengths ranging from 1080m to 20m and from 1060m to 20m
using the cutback method (see Methods) and the simulated LP01-mode
transmission loss of the AR-HCF. The bending radius of AR-HCF is 16 cm
here. The anti-resonant region (blue) is defined where the transmission
loss is below 1 dB/km. The results demonstrate a loss of 0.168dB/km at
1080nm, which is currently the record low-loss value in this spectral
band. At 1142 nm, the loss of AR-HCF is 0.890dB/km. Discrepancies in
anti-resonant regions between simulation and experiment may stem
from drawing-induced imperfections in nested tube uniformity.

Low-loss fusion splicing
Due to the different materials at the interface between SCFs and AR-
HCFs (silica/air), back-reflected light induced by Fresnel reflection
accounts for approximately 4% of the input power. Here, the anti-
reflection coating method35 was adopted to decrease the energy loss
caused by Fresnel reflection.

The SCFwas coatedwith a four-layer Ta2O5/SiO2film, and then the
anti-reflection-coated SCF and the AR-HCF were spliced using a com-
mercial fiber splicer. Figure 2 presents the experimental setup. In this
setup, a 1060nm narrow-linewidth fiber laser operating at an output
power of 10mWwas utilized as the light source. The power of the AR-
HCF output and the back-reflected light was monitored in real-time
through power meters during the process of fiber splicing. The fusion
splicing parameters were adjusted based on iterative testing. The
transmission efficiency is calculated as the ratio between the input
power (Pin) and the output power (Pout) of the AR-HCF. The return loss
is derived from the input power (Pin) and the return power (Pback).

Experimental results demonstrate that discharge current and
duration significantly influence splicing performance. Figure 2b pro-
vides a microstructural characterization of fusion-spliced fiber inter-
faces at relatively high, suitable, and low discharge parameters.
Excessive discharge parameters induce thermal degradation of the
anti-reflection coatings and collapse of the AR-HCF microstructure.
Conversely, when discharge parameters are insufficient, the mechan-
ical bonding at the fusion point is weak and easier to break, with no
observable fusion traces remaining on the surface of the SCF. Through
parameter optimization of discharge current and duration, we identi-
fied optimal splicing conditions for the SCF and the AR-HCF in this
experiment: 20mA discharge current and 600ms duration. The cor-
responding cross-section views of post-splicing of SCFs and AR-HCFs
are shown in the middle of the Fig. 2b. Notably, the distinct imprint of
thenested tubes on the SCF surfacematches that at the interface of the
AR-HCF, with no observable coating delamination or thermal defor-
mation. Anti-reflection coatings and nested tubes of the AR-HCF
remain intact with a withstands tension load of ~400 g. Under the
optimized parameters, five repeated splicing trials yielded an average
insertion loss of ~0.17 dB (σ =0.013 dB). The corresponding return loss
measured ~ -28.5 dB (σ =0.16 dB). Return loss characterization at
1080nm is provided using a supercontinuum laser in Supplementary
Note 1. The coupling losses align closely with simulated predictions,
validating the fidelity of the numerical model.

Table 1 | Parameters of fabricated AR-HCF

Dc (μm) D (μm) d (μm) dn (μm) D/Dc d/D dn/d

28 31 23 10 1.1 0.74 0.43
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Experimental system
Figure 3 shows the experimental setup for high-power laser delivery.
(see Supplementary Note 4 for the photograph of the experimental
step). A continuous- wave laser at 1080 nm was used as the source. A
CTFBG was added after the laser source to suppress the Raman noise.
The CTFBGwas fabricated on a piece of 20/250 μm fiber and exhibited
a Raman attenuation band spanning 1125 to 1150nm (3dB bandwidth
of ~ 25 nm) with an attenuation depth exceeding 20dB (see Supple-
mentary Note 3 for the transmission spectrum of CTFBG). The output
laser was delivered via an anti-reflection-coated SCFof 20/250μm, and
was subsequently fusion-spliced with the AR-HCF using the optimized
parameters. To mitigate localized thermal damage during high-power
operation, a 2-cm-long cladding light stripper (CLS) was implemented
via chemical etching at the AR-HCF right after the fusion point. The
fusion point and the CLS were positioned within a glass tube for sta-
bility and protection. To enhance optical fiber heat dissipation, the AR-

HCF was wound onto an aluminum spool with a diameter of 320mm
and a height of 400mm. In practical applications, the output terminal
of AR-HCF is prone to contamination from dust, pollutants, or envir-
onmentalmoisture. To address this, we fused an anti-reflection-coated
end cap at its output end for protection, which features a maximum
diameter of 8.2mm with an overall length of 20mm. At the small end
of it, the minimum diameter is designed to be 500 μm. The practical
maps of glass tube and the end cap are shown in the insets of Fig. 3.

Observation of SRS in AR-HCF
Preliminary investigations were carried out utilizing a 200mAR-HCF for
high-power laser delivery, with no CTFBG employed in the setup. At an
input power of 2400W, spectral monitoring reveals characteristic peak
at around 1142nm that is considered to be the Stokes light generated by
SRS in silica glass. However, the laser source output spectrum does not
have obvious Raman spectral lines at the same power, as shown in
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Fig. 4a. To determine whether SRS in AR-HCF originated from the
internal Raman noise of laser source (which was not initially apparent in
the spectrum), a CTFBG was spliced after the laser source. In contrast,
the control group was spliced with the same length SCF of 20/250 μm
with the CTFBG. Figure 4a shows the output spectra of a 200mAR-HCF
at 2400W input power, comparing cases with and without the CTFBG.
The SRS component disappears when the CTFBG was inserted. This
confirms that internal noise from the laser source is a key for inducing
Raman scattering in AR-HCF. Then, to investigate SRS amplification in
AR-HCF, we compared laser spectra (without CTFBG) transmitted after
2m and 200m AR-HCF under the input powers 2259W, 2315W, and
2400W. This comparison was performed with the same fusion point
maintainedbetween the SCF andAR-HCF. The corresponding results are
shown in Fig. 4b. By integrating the spectra, we determined that at
2259W input power, the SRS intensity after a 200m AR-HCF transmis-
sion is 2.98 times higher than that after a 2m transmission, confirming
the accumulation of nonlinear effects. It is worth noting that under input
powers of 2315W and 2400W, the SRS intensity of 200m AR-HCF
relative to 2m AR-HCF decreased to 1.33 and 1.28 times, respectively.
This reversal phenomenon is mainly due to the differential attenuation
characteristics in AR-HCF: when the signal light experiences a trans-
mission loss of0.168dB/km, the attenuationof theRamancomponent is
higherwith a transmission loss of 0.890dB/km. Since the loss of AR-HCF
to Raman light is higher than that of signal light, Raman growth is slower
in longer fibers as the power increases. Additionally, the Raman light
may propagate in higher-ordermodes, as observed in the spot profile in
Fig. 4f, consequently exhibiting higher transmission loss. Based on the
scaling ratio of SRS in the experiments, we calculated the effective
Raman gain coefficient of AR-HCF as 2:4km�1 � kW�1 (see Methods for
the detailed definition and calculation).

Figure 4d–f show the signal and Raman beam profiles, and their
corresponding spectra without CTFBG (see Methods for detailed
measurement methods). At an input power of 1005W, the beam pro-
file of signal light predominantly consists of core light, as shown in

Fig. 4d. When the input power is 2259W, the signal light and Raman
light simultaneously exist and exhibit a mixed mode within both the
fiber core and the nested tubes, characterized by a more pronounced
intensity within the core (Fig. 4e). The signal light and the Raman light
were separated through two coated glass long-pass filters (see Sup-
plementary Note 2 for transmission spectra). Figure 4f shows the
spectrum and beam profile of only Raman light after filtering most of
the signal light at an inputpower of 2259W. It isdiscernible thatRaman
light exists in both core and nested tubes. The experimental results
demonstrate that SRS originates in Raman noise stemming from the
laser source, and is then amplified in the nested tube structure. Fur-
thermore, fiber offsets during splicing can increase overlap between
the optical field and nested tubes of AR-HCF, which in turn enhances
the Raman gain.We simulated and calculated the effective Raman gain
coefficients of AR-HCF varying with the fiber offset using FEA, and the
results are shown in Fig. 4c. When the input laser is coupled into the
fiber corewithout anydeviation, the effective Ramangain coefficient is
0.05 km−1·kW−1. At a fiber offset of ~1.4 μm, the effective Raman gain
coefficient increases sharply to 2.63 km−1·kW−1, which is close to
experimental calculation results. This indicates a deviation of ~1.4 μm
between the SCF and the AR-HCF at the fusion point. Furthermore, the
effective Raman gain coefficient of the AR-HCF has a change due to
various factors, including the precision of splicing alignment, the
thickness of the nest tubes, the corediameter of AR-HCFand soon (see
Supplementary Note 5 for simulation results).

High-power delivery in AR-HCFs
Drawing from the preceding analysis of SRS, we conducted a laser
delivery by utilizing a CTFBG to mitigate the intrinsic Raman noise of
laser source, as illustrated in Fig. 4. Figure 5 presents the high-power
laser delivery results over 1 km and 2.45 km. The power delivery per-
formances of 1 km and 2.45 km AR-HCF systems with and without end
caps are shown in Fig. 5a. The left axes show the transmission efficiency
and the corresponding output power vary with the input power of
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effective Ramangain coefficients and fusion offset. The orange arrowpoints to the
effective Raman gain coefficient obtained from the experiment. Transmission
spectra and beamprofiles of (d), signal light at 1005W input power, (e), signal and
Raman light and (f), Raman light at 2259W input power over a 2m AR-HCF with-
out CTFBG.
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AR-HCF. For 2.45 km AR-HCF, the maximum output power is 2050W
with a transmission efficiency of 85.4%, while the maximum output
power after the end cap is 1960 W with a transmission efficiency of
81.7% at an input power of 2400W. At the maximum input power of
2400W, the 1 km AR-HCF delivers 2160W with a transmission effi-
ciency of 90.0%, which reduces to 2022W with a transmission effi-
ciency of 84.2% when an end cap is spliced. At the maximum input
power, the coupling loss falls within the range of 0.27-0.29 dB, which
has a marginal increase in comparison to the results obtained during
low-power testing (~0.17 dB). Figure 5b shows the output spectra of the
source, 1 km AR-HCF and 2.45 km AR-HCF at the maximum input
power. The output spectra of the AR-HCF exhibit excellent consistency
with the laser source spectrum, with no observable SRS nonlinear
effects. The minor spectral redshift can be attributed to the Raman
response of the atmospheric air within the core25. Figure 5c presents a
2-hour power test of the end cap output structure with a 1 km AR-HCF.
Under maximum input power, the system exhibits a 2.3% power fluc-
tuation, demonstrating excellent long- term stability. Meanwhile,
Fig. 5c displays the thermal image of the coiled fiber and glass tube,
which includes a fixed fusion point and the CLS. The highest tem-
perature recorded in the glass tube is 58.59 °C. The hot spot in front of
the fusion point is located at the interface between the cladding and
coating of the SCF. The average temperature of the coiled fiber is 22.19
°C, but there are individual hotspots with temperatures of 58.8 °C. At
maximum input power (2400W), the laser source exhibits a beam
quality factor (M²) of 1.26. Corresponding measurements of the AR-
HCF output (Fig. 5d) demonstrate excellent beamquality preservation,
with M² values of 1.30 (1 km AR-HCF) and 1.29 (2.45 km AR-HCF) under
identical power conditions. The near-field diffraction patterns of 1 km
and 2.45 km AR-HCFs were systematically characterized under varying
power levels, with measurements conducted at input powers of
1018W, 1611W, and 2400W, as illustrated in Fig. 5e. The results
demonstrate that as fiber length and power increase, the beamprofiles
consistently maintain a well-defined Gaussian distribution without

significant degradation. This result demonstrates the capability of AR-
HCFs tomaintain beamquality over kilometer-scale distances at multi-
kilowatt power levels, confirming their suitability for industrial and
scientific high-power long-distance laser delivery systems.

Discussion
In this study, we report an integrated all-fiber laser delivery systembased
on AR-HCFs, which provides a robust solution to spatial coupling
instability in high-power applications. Our self-fabricated AR-HCF fea-
tures anoptimizedfive-elementdouble-nestedarchitecture that achieves
an ultralow transmission loss of 0.168dB/km at 1080nm, which repre-
sents the lowest reported value for this spectral band to date. Moreover,
we developed an optimized splicing technique for AR-HCF and anti-
reflection-coated SCFs, achieving a low average splicing loss (~0.17 dB)
and an average return loss (~−28.5dB) at an input power of 10mW.
Furthermore, the fusion point between anti-reflection-coated SCF and
AR-HCF was fixed with glass tubes, and the output end was spliced with
an end cap for protection. Consequently, a stable all-fiber high-power of
2 kW delivery system was achieved over a 2.45 km AR-HCF with a trans-
mission efficiency of 85.4% through the above technologies. This
advancementwould surely facilitate the transitionof AR-HCF technology
from laboratory research to practical applications significantly.

Notably, the SRS amplified within the silica nested tubes of
AR–HCF was observed for the first time in our experiments, which was
caused by the amplification of the Raman noise stemming from laser
source. This nonlinear effect is considered as a limiting factor for
achieving higher power and longer transmission distance. Two sup-
pression strategies are proposed: Firstly, Raman noise from the laser
source canbe effectively suppressed through aCTFBG,whichhasbeen
validated inour experiments; Secondly, theAR-HCF canbedesigned to
reduce the Raman gain. Simulations reveal significant correlations
between structural parameters (fiber offset, nested tube thickness, and
core diameter) and effective Raman gain coefficients (see Supple-
mentary Note 5 for simulation results). In all-fiber architecture, as the
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fiber offset increases, the effective Raman gain coefficient also
increases. The thickness of nested tubes exhibits a nonlinear response
characteristic with respect to the effective Raman gain coefficients.
When the nested tube thickness deviates the signal wavelength from
the resonance condition, the overlap integral between the optical field
and the nested tube decreases, thereby inducing a smaller gain coef-
ficient. The fiber core diameter is negatively correlated with the
effective Raman gain coefficient, so the core size should bemaximized
in design under the condition of ensuring fundamental mode trans-
mission. Figure 6 presents the achievable transmission distances as a
function of output power for AR-HCFs with different core diameters
and fiber offsets, limited by the SRS threshold criterion36 (see Meth-
ods). AR-HCFs with a core diameter of 32 µm can achieve an effective
transmission distance exceeding 20 km at 20 kW without fiber offset,
while those with a 38 µm core diameter achieve this distance at the
samepowerwith a0.4 µmoffset. For larger offsets (0.8 µmand 1.4 µm),
larger core diameters are required. Fiber offset and core diameter of
AR-HCFs significantly affect the maximum transmittable power and
achievable transmission distance in all-fiber laser systems.

Looking forward, the all-fiber integrated laser delivery system
based on AR-HCFs not only exhibits significant application potential
in fields requiring high-power long-distance laser delivery, such as
industrial manufacturing3, nuclear decommissioning7 and laser dril-
ling of oil8, but also has substantial value in other fields. Firstly, the
long-distance transmission limitations of single-frequency lasers
imposed by stimulated Brillouin scattering (SBS)37 can be addressed
through theAR-HCFdue to its low nonlinearity and transmission loss.
Secondly, long-distance AR-HCFs enable novel particle acceleration
through radiation pressure, building upon experimentally demon-
strated particle levitation and guidance in hollow-core fibers38.
Thirdly, a low-loss all-fiber gas cell is constructed in this work,
enabling high-sensitivity gas detection39. Moreover, our results may
inspire other applications of AR-HCFs, such as fiber communications,
distributed sensing, and quantum optics40–42.

Methods
AR-HCF loss measurement
The loss of AR-HCF in this study was measured using the cutback
technique. The test source was a supercontinuum source, which was
connected to a piece of 20/250 SCF as the launch fiber. The light
source was coupled to an AR-HCF featuring a bending radius of 16 cm
by employing the alignment function of the fusion splicer. Then the
AR-HCF output was connected to the OSA using a bare fiber adapter.
Firstly, the output spectrum was recorded using the 1080m AR-HCF.
The fiber was then cut to 20m while maintaining identical emission
conditions, and the output spectrum was measured again. The trans-
mission loss was measured by comparing output spectra before and
after fiber length reduction.We repeated the same operation to cut off
1060m AR-HCF to 20m. The loss curve for the AR-HCF in Fig. 1f
represents the average of two separately conducted measurements.

AR-HCF simulation
The modes loss and coupling loss of AR-HCF were simulated by the
finite-element analysismethod. Thefinemesh size of the air regionwas
set to nomore thanone-thirdof the solvedwavelength,while themesh
size of the backgroundmaterial was set to nomore than one- eighth of
the solved wavelength. Set the boundary conditions to a perfect
matched layer. The refractive index of the air region is set as 1, and the
refractive index of the background material is set as the refractive
index of SiO2. According to the dispersion for SiO2, the calculated
refractive index is 1.449 at 1080nm based on Sellmeier formula.

Signal and Raman light beam profile measurement
The beam profiles of both the signal light and the Raman light were
measured using a charge-coupled device (CCD). The output light from
the AR-HCF was first collimated using a 100mm focal-length plano-
convex lens. Subsequently, a beam-splitting system composed of two
high-reflectivity mirrors (HR mirrors) directed the majority of the beam
energy served as a power attenuation mechanism (see Supplementary
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Note 2 for transmission spectral line of HR mirrors), while the trans-
mitted component was utilized for detection. The transmitted light was
then focused by a 400mm focal-length lens, with the CCD precisely
positioned at the focal plane to capture the near-field diffraction pattern
of the AR-HCF output. To accommodate dynamic power adjustment
requirements, a tunable optical attenuator was incorporated upstream
of the CCD to optimize the dynamic range of light intensity. The com-
plete evolution of the beam profile under varying power conditions can
be viewed in the supplementary.When testing only the Raman spot, two
coated glass long-pass filters are used to isolate the Raman light (see
Supplementary Note 2 for transmission spectral line of two filters).

Calculated method of Raman gain coefficient of AR-HCF

i. Calculation based on experimental data. We can calculate the
RamangaincoefficientofAR-HCFusing thecoupledwaveequation:

dIR
dz

= gRISIR � αRIR ð2Þ

dIS
dz

= � ωS

ωR
gRISIR � αSIS ð3Þ

When IR≪IS, the transmission loss of fiber (αR,αS) can be
ignored. Therefore,

GHCF = expðγHCFR PSLeffÞ ð4Þ

Leff =
1� e�αsL

αs
ð5Þ

γR =
gR

Aeff
ð6Þ

GHCF = expðγHCFR PL� αLÞ ð7Þ

Here, IR and IS denote the intensities of the Raman and signal
light, respectively, while their corresponding angular fre-
quencies are represented by ωR and ωS. The Raman gain char-
acteristics are described by two coefficients: the Raman gain
coefficient gR and the effective Raman gain coefficient γR. αS

andαR represent the transmission loss of signal light andRaman
light. Leff and L represent the effective interaction length and
transmission length, respectively. Aeff is the effectivemode field
area. Experimental results demonstrate a total Raman gain
GHCF ≈ 2.98 at a signal power ðPSÞ of 2259W. With a signal
attenuation αS = 0.168 dB/km and Leff ≈ L =0.2 km, we derive an
effective Raman gain coefficient γHCFR � 2:4km�1 � kW�1.

ii. Calculation based on simulation results. Furthermore, the
Raman gain coefficient of AR-HCF can be determined using the
Raman gain coefficient of the solid core fiber as a reference.

γHCFR =η
ASCF
eff

AHCF
eff

γSCFR ð8Þ

For the SCF of 20/250 μm, itsmode field area is approximately 284
μm2 (ASCF

eff ). The Raman gain coefficient of SCF36 gR is 10-13km⋅kW-1 and
γSCFR is around 352 km-1kW-1. For the AR-HCF, SRS amplified within the
silica nested tubes. Andover 98%of theoptical intensity is concentrated
within approximately the outer quarter region of the outermost nested
tubes based on FEA. Therefore, AHCF

eff is approximated as quarter region
of the outermost nested tubes, which is around 120μm2. Theparameter
η represents the ratio of the optical intensity localized in AHCF

eff to the
total optical intensity. This value was derived through FEA.

Subsequently, γHCFR is calculated. Based on analysis, the simulation of
the effective Raman gain coefficient under various fusion offsets
between SCF and HCF are conducted in the supplementary.

According to the definition of the SRS critical power - which refers
to the state where the power at the signal wavelength and Raman
wavelength reachequilibrium - its expression canbe approximated as36

Pcr =
16Aeff

gRLeff
=

16
γRLeff

ð9Þ

According to the simulation calculation of γR(see Supplementary
Note 4), the maximum transmission power and length can be calcu-
lated, as shown in Fig. 6.

Data availability
The processed data in this paper are available at https://doi.org/10.
6084/m9.figshare.30031966.
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