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Fiber gas lasers based on gas-filled hollow-core fibers (HCFs) perfectly combine the advantages of fiber lasers and gas
lasers and have obtained fast development in the past years. However, stable and efficient coupling of high-power pump
lasers into the HCFs is one of the key problems to be solved. In this paper, we study the coupling of high-power continuous
wave fiber lasers into anti-resonant HCFs through an end-cap. By optimizing the splicing parameters, a maximum laser
power of 1167 W was injected into the 1-m-long HCFs, and 1021 W was obtained at the output end, giving a total transmission
efficiency of∼87.5%. A more than 1 h test showed the stability of such a coupling method. Meanwhile, the laser beam quality
was well maintained. This work opens new opportunities for stable and highly efficient coupling of high-power lasers into
HCFs, which is significant for its applications in many other fields besides high-power fiber gas lasers, such as high-power
laser delivering.
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1. Introduction

Different from the solid-state fiber using total reflection, the hol-
low-core fiber (HCF) can confine light into the hollow core with
10 to 100 μm diameters due to its special cladding structure, and
it can also be filled with various kinds of gases, which provides an
ideal environment for the interaction between the laser and
gases due to its hollow-core structure[1]. Thus, a novel kind of
laser named a fiber gas laser (FGL) was developed[2], and great
progresses have been made in this kind of laser source[3–14].
However, the power level can hardly breach 10 W; one main
cause is the lack of stable and high-efficiency coupling methods
of high-power lasers into HCFs. Besides, HCFs can confine
almost all of the energy into the hollow core, similar to free-
space transmission, which improves the damage threshold
and weakens the nonlinear effect. Therefore, HCFs have great
potential for high-power transmission. Some efficient high-
power transmission experiments have been reported such as
300 W without cooling in an anti-resonant HCF[15] and 900 W
with water cooling in a Kagome photonic crystal fiber (PCF)[16],
but they were not stable enough for long-term working. A high-
efficiency and stable coupling method for high-power coupling
into HCFs is needed.

There have been many researches about the power coupling
into the HCF. One possible method is the splicing between the
solid-core fiber and HCF. In 2005, one all-fiber gas cavity based
on a hollow-core PCF (HC-PCF) with the splicing loss of 1 to
2 dB was reported[17]. The splicing loss of other reports about
the splicing between the solid-core fiber and HC-PCF was about
1.8 dB[18] and 0.79 dB[19]. In 2014, the intermediate fiber was
used between the HC-PCF and single mode fiber (SMF), and
the overall insertion loss was 0.73 dB[20]. The main reason for
the insertion loss is the mismatch of the mode field. Based on
the splicing methods between the SMF and HC-PCF, several
all-fiber Raman FGLs were reported[21–25]. However, the output
power was only the level of several watts, and, due to the high
insertion loss, heat accumulation easily occurred at the splicing
point. For the HCFs with larger core diameters like Kagome
HCFs and anti-resonant HCFs, it is more difficult to realize
the match of the mode field. In 2016, the insertion loss of
0.48 dB was reported by splicing the tapered Kagome PCF
and SMF[26]. Another tapering method named nanospike was
reported[27]. By tapering the SMF into several hundreds of nano-
meters, the mode field increased, and the coupling efficiency was
as high as 87.8%. Referring to this method, our group reported
several quasi-all-fiber gas lasers by inserting a tapered SMF into
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an anti-resonant HCF[28–30]. However, the diameter after taper-
ing was still a fewmicrons, which still causes themismatch of the
mode field, and the coupling efficiency was unsatisfactory. This
method is also not suitable for higher power due to its small core
size. Recently, a new two-step reverse tapering approach was
reported. By reversely tapering the SMFs first and subsequently
thermally expanding their core, mode field matching was real-
ized, and the loss was 0.23 dB between the SMF and PCF[31] and
0.88 dB for the two joints for SMF/HCF/SMF[32]. All of above
methods were not carried out in a high-power transmission sys-
tem. Our group proposed a high-efficiency coupling method
using HCF end-caps, which has stable coupling of high-power
capacity, and it has been tested in a 260 W power transmission
system without cooling[33].
In this study, a kilowatt (kW)-level coupling experiment was

carried out by using HCF end-caps. By optimizing the splicing
parameters and using the water cooling system, 1021 W trans-
mission power was obtained using 1-m-long anti-resonant
HCFs under 1167 W injected power into the HCF with a total
efficiency as high as 87.5%. Through 1 h testing for the power
stability and beam quality, this method can be proved to be
an efficient and stable coupling method at 915 W. This experi-
ment lays the foundation for high-power FGLs and high-power
transmission in the HCF.

2. Experiment Setup

The schematic of the power transmission system is shown in
Fig. 1(a). The fiber laser source emits a CW laser with the maxi-
mum output power of 1500 W at the wavelength of 1070 nm.
The output fiber is a 20 μm core solid fiber fabricated with an
end-cap, and the beam quality M2 of the laser source is 1.17
at the maximum output power of 1500W. The power is coupled
into the HCF using a coupling system composed by two plano-
convex lenses and two reflectors, and all of them are fixed on the
three-axis adjustment platform. The lenses and the reflectors are
all custommade for high-power transmission using the material
of Corning 7980 OD and ultraviolet-fused quartz and coated at
the corresponding wavelength band. The focus of the two lenses

is 30 mm with the transmission higher than 99.9%, and the
reflection of the reflector is higher than 99.8%. The HCF is sup-
ported by Bath University. The cross section of the HCF is
shown in the inset picture of Fig. 1(a), where the core diameter
is around 46 μm, with eight ice-cream capillaries surrounding
the core, which form the anti-resonant region. The thickness
of the capillaries is around 1.3 μm, and the outer diameter of
the cladding is 280 μm. Fiber loss at 1070 nm is around
0.12 dB/m, as shown in Fig. 1(b).
The input end of the HCF is fabricated with an end-cap for

fixing and protection of the HCF. The end-cap is custom made
by a company fromChina. The HCFwith the end-cap is fixed on
the water cooling plate designed by us. An approximately 25-
cm-long HCF is water cooled, which contains 10 cm without
coating and 15 cm with coating, and the red cross sign in
Fig. 1(a) is the junction between the cladding and the coating.
The cladding part is applied with matching paste to filter the
cladding light, a small distance of HCF splicing with an end-
cap is suspended, and water is used to realize cooling. The front
of the coating part is applied with AB glue for a better cooling
effect. At the transmission power of 1 kW, apart from the clad-
ding part applied with matching paste, as shown in Fig. 1(c), the
temperature is 45.3°C, and the whole 1-m-long HCF has no
obvious temperature rise.
The HCF end-cap is fabricated with a large diameter splicing

system. Due to the special hollow-core structure of the HCF, the
shape of the core changes when heated, as shown in Fig. 2(a),
where the negative curvature of the core is destroyed, and the
ice-cream capillaries are changed to triangles. Either the core
diameter or the mode field diameter becomes larger. To avoid
excessive deformation, the heating temperature is controlled
strictly. The core of the HCF is filled with air, and, after splicing
with HCF, there is a surface between the silica and the air, which
causes Fresnel reflection. The testing system in Fig. 2(b) is used
to measure the Fresnel reflection. P1 is the power that is injected
into the end-cap, and P2 is the back power. A non-polarizing
beam splitter is used, and the measured (reflection/transmis-
sion) split ratio is 5:95. Through the measurement of P3, P2

can be estimated, and the Fresnel reflection we measured is
around 3.5%.

3. Results

The power transmission results for the kW-level power coupling
experiment are shown in Fig. 3. The left axis shows the
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Fig. 1. (a) Experiment setup of the power transmission system. Inset: cross-
section electronic micrograph of HCF. (b) Transmission loss of HCF used at
1 μm wavelength band; (c) thermal image of the input end.

Fig. 2. (a) Cross-section micrograph of HCF after splicing with end-cap;
(b) schematic of test for Fresnel reflection.
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transmission efficiency, which is the transmission power after
the HCF divides the power of the laser source, and the right axis
shows the transmission power. The highest transmission power
is 1021 W, as the laser source power is 1167 W, and the total
transmission efficiency is as high as 87.5%. Coupling efficiency
has a fluctuation under the input power of 300 W, which is
because the power meter has a big fluctuation at a relatively
low power level, and the efficiency is uncertain. When the input
power is above 300 W, the transmission efficiency is stable at
around 87.5% when the power of the laser source is increased.
Considering the loss of the lenses and the reflectors of around
0.03 dB, the Fresnel reflection of the HCF end-cap of around
0.15 dB, and the fiber loss of around 0.12 dB, the estimated cou-
pling efficiency is about 94%. The coupling efficiency of 94%
indicates that this is an efficient coupling method. Because
the ratio of focal lengths of two lenses we used is one, the mode
field diameter of the beam injected into the hollow core should
be the same as the mode field of the output fiber of the laser
source. But, in practice, power monitoring at the output end
is used, the focal lengths are changed to ensure the highest cou-
pling efficiency, and the real mode field diameter of the beam
after lenses is very close to that of the HCF, so the coupling effi-
ciency is as high as 94%. The other 6% loss may be the mismatch
of the mode field shape, and some light transmits in the cladding
region with higher loss.
The power stability is measured, and the results are shown in

Fig. 4. The power of the laser source has a fluctuation up and
down because of the periodic working of the water cooling,
and the change of the fiber temperature will influence the output
power. For the purpose of protecting the system, we do not mea-
sure the power stability at themaximum transmission power. As
the transmission power is 950 W, during the testing time of
60 min, the transmission power is declined from 950 W to
930 W, which is due to heat accumulation; as the temperature
of the HCF changed, there was a micro deformation for the
HCF, which caused the decline of the efficiency. It is possible
because, as the heat accumulated, the front end of the HCF
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Fig. 3. Measured transmission power and transmission efficiency versus
input power.
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Fig. 4. Power stability of the laser source and the transmission power of 915 W
and 950 W.
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Fig. 5. (a) Beam quality M2 versus transmission power; (b) beam quality M2

versus time when the transmission power is 900 W. Inset: beam profiles of
waist.
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has a higher temperature of around 45.3°C, the rear fiber has a
lower temperature under the action of thermal expansion and
cold contraction, and the input end of the HCF may have a
minor change causing the overlap between the high power
and the capillaries. Therefore, the output power decreased.
But, because of the fixture of the end-cap, the change occurs
slowly. As the transmission power dips to 915 W, the power
changes periodically with the power of the laser source, and
the power fluctuation is less than ±0.5%. Compared with the
condition above, the system can work stably when the transmis-
sion power is 915W. As the power decreased, the stability is also
increased, which indicates that this method is an efficient cou-
pling method for long working time at the 900 W power level.
Beam quality factorM2 is measured using a laser quality mon-

itor from PRIMES. At the output end of the HCF, a plano-
convex lens with the focus of 50 mm is used to collimate the
beam, and the results are shown in Fig. 5. Figure 5(a) shows
the M2 at different transmission power from 700 to 1000 W,
and, as the transmission power increased, the M2 stabilized at
around 1.2. Compared with the 1.17 of the laser source, M2

keeps well after the light transmits in the HCF. As the system
can keep working stably at the 900 W power level, M2 versus
time is measured when the transmission power is 900 W, and
the result is shown in Fig. 5(b). During the testing time, M2 is
relatively stable at around 1.2, which indicates that M2 after
transmitting in the HCF can remain stable at a high-power level.

4. Conclusions

In conclusion, through splicing the HCF with the end-cap, a
high-efficiency and stable coupling method for HCF is achieved.
Themaximum transmission power reaches 1021W, as the input
power is 1167 W with a high efficiency of 87.5 %. Besides, the
system can keep good power stability and beam quality at the
power level of 900W. TheHCF does not have obvious heat posi-
tions apart from the exposed cladding applied with matching
paste. By further optimizing the system, improving the coupling
efficiency, and improving the heat treatment technology, the
HCF has the potential to transmit higher power, which is signifi-
cant for the development of high-power FGLs.
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